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ABSTRACT 
 
 
Presently, wireless sensor notes (WSN) are widely investigated and used in 
condition monitoring on industrial process monitoring and control, based on their 
inherent advantages of lower maintenance cost, easy installation and the ability to 
be installed in places not reached easily. However, current WSN based monitoring 
system still need dedicated power line or regular charging / replacing the batteries, 
which not only makes it difficult to deploy it in the fields but also degrades the 
operational reliability. 
This PhD research focuses on an investigation into energy harvesting approaches 
for powering WSN so as to develop a cost-effective, easy installation and reliable 
wireless measurement system for monitoring mission critical machinery such as 
multistage gearbox. 
Among various emerging energy harvest approaches such as vibrations, inductions, 
solar panels, thermal energy harvesting is deemed in this thesis to be the most 
promising one as almost all machines have frictional losses which manifest in terms 
of temperature changes and more convenient for integration as the heat sources 
can be close to wireless nodes. In the meantime, temperature based monitoring is 
adopted as its changes can be more sensitive to early health conditions of a 
machine when its tribological behaviour is starting to be degraded. Moreover, it has 
much less data output and more suitable for WSN application compared the 
mainstream vibration based monitoring techniques. 
Based on these two fundamental hypothesis, the research has been carried out 
according to two main milestones: the development of a thermoelectric harvesting 
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(TEH) module and the evaluation of temperature based monitoring performances 
based on an industrial gearbox system. The first one involves the designing, 
fabricating and optimising the thermal EH module along with a WSN based 
temperature node and the second investigates the analysis methods to detect the 
temperature changes due to various faults associated with tribological mechanisms 
in the gearbox. 
In completing the first milestone, it has successfully developed a TEH module using 
cost-effective thermoelectric generator (TEG) devices and temperature gradient 
enhancement modules (heat sinks). Especially, the parameters such as their sizes 
and integration boundary conditions have been configured optimally by a proposed 
procedure based on the fine element (FE) analysis and the heat generation 
characteristics of machines to be monitored.  
The developed TEG analytic models and,FE models along with simulation study 
show that three different specifications of heat sinks with a Peltier TEG module are 
able to produce power that are consistently about 85% of the experimental values 
from offline tests, showing the good accuracy in predicting power output based on 
different applications and thus the reliability of the models proposed. Anfurther 
investigation shows that a Peltier TEG module based that the thermal energy 
harvesting system produces is nearly 10 mW electricity from the monitored gearbox. 
This power is demonstrated sufficient to drive the WSN temperature node fabricated 
with low power consumption BLE microcontroller CC2650 sensor tags for monitoring 
continuously the temperature changes of the gearbox.  
Moreover, it has developed model based monitoring using multiple temperature 
measurements. The monitoring system allows two common faults oil shortages and 
mechanical misalignment to be detected and diagnosed, which demonstrates the 
 16 
 
specified performance of the self-power wireless temperature  system for the 
purpose of condition monitoring. 
Key words:energy harvesting; wireless sensor networks; condition 
monitoring; temperature; thermoelectric generator, gearbox monitoring 
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Chapter 1. Research Project 
Undertaken 
 
 
With technological developments, industrial machine processes become ever 
more complex and proper maintenance become ever more important. This 
project proposes that condition monitoring be conducted by a low power 
consumption wireless sensor network that will give greater reliability and reduce 
maintenance and equipment costs. 
This chapter starts with a general review of the current situation regarding 
maintenance management and condition monitoring strategies. Details of 
condition monitoring techniques are briefly reviewed. Then, the motivation for 
this research project is presented. Based on these, the aims and objectives of 
the research are identified. Finally, the outline of thesis contents is given. 
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1.1 Introduction 
Modern industrial machines are becoming increasingly complicated and are 
often composed of hundreds or even thousands of components. The lifetime of 
each machinery piece can be limited to the operational speed of machinery is 
limited to the speed at which it operates, the load to which it is exposed, the 
components, installation and assembly quality. Unexpected failure of any one of 
those components may not only incur damage not only to the equipment itself, 
but can cause major economic loss by the interruption of the operation of the 
plant. In some major industrial application systems, failures in system can lead 
to enormous austere consequences that can lead to releases and explosions, 
etc.[1].Thus, high attention and effort is being paid to efficient and effective 
maintenance procedures in recent years. 
Machine condition monitoring (CM) is an essential part of condition-based 
maintenance (CBM), CM provides accurate assessment of machine conditions 
based on various measurement techniques and comprehensive analysis 
methods, which is becoming recognized in a wide variety of industries as the 
most important cornerstone CBM in a wide variety of industries [2].  
In the meantime, maintenance costs are soaring with the increasing complexity 
of machines and safe production.About half of cost of operation on most 
manufacturing and processing operations due to maintenance [3]. This is ample 
motivation for any activity that can potentially lower maintenance costs. 
Machinery CM is considered as one of the effective strategies. Obviously, one 
important benefit of CM is reducing unplanned interruption of production 
processes, and others are improved reliability and safety along with, the 
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reduction of unnecessary maintenance of machines implemented in a time 
based paradigm[4]. 
Gearboxes are one of the most significant components in rotating machine. 
They are used widely in many machines such as helicopter, marine drives, 
automobiles, trains, wind turbine. Therefore, it is  the machine component on 
that this project will focused on for developing wireless CM techniques. 
Numerous different techniques have been developed to monitor and control 
gearbox health. However, because of the complicity of gearboxes are 
application environment, especially, ever-reducing cost of production, existing 
CM techniques are far from industrial requirements. Researchers and 
manufacturers are continuously trying to discovery maintenance measures to 
ensure optimal performance, reduce operating costs and extend their working 
lives while ensuring this does not jeopardise safety [5, 6]. 
In recent years, wireless sensor node (WSN) technologies have been advanced 
rapidly. Increasingly, WSN is explored and used for industrial, commercial, and 
consumer applications including environmental monitoring,temperature 
monitoring and building health monitoring. WSN has gained worldwide attention 
because of the great advantage it provides, the ability to monitor and control 
processes without the complicated wiring required by traditional systems [7, 8]. 
1.2 Maintenance Strategies and Condition Monitoring 
Techniques 
Increasing profitability of investment in an increasing competitive environment is 
a difficult challenge facing many companies.One feasible way is to reduce 
operation costs, effectively reducing per unit cost of production. Maintenance of 
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plant machinery represents almost half of the production cost [1] so reduction in 
production costs can be achieved by adopting optimal maintenance 
strategies[9]. 
Generally, CM differs from machine to machine in relation to the maintenance 
objectives. For instance, visual inspection might be appropriate in evaluating the 
condition of a simple machine, but for processes that are complex, a structured 
CM system may be required. Selection of CM techniques for CM should always 
consider both the reason why the monitoring is being carried out and the cost In 
last few years, the obvious benefits obtained by the condition monitoring 
application have led to the growth and expansion of an huge number of new 
methods. References from [3,10,11]. have discussed machines and CM 
techniques that are most widely used by researchers 
Based on [5,6] maintenance strategies can be classified into three main groups 
BM, PM, CBM: 
1.2.1 Breakdown Maintenance (BM) 
Breakdown maintenance (BM); in this method, the machine is simply run until it 
breaks downafter which maintenance take place. The repaired equipment is 
returned to service within given specifications by replacing or repairing faulty 
parts and components. Emergency repairs cost three to nine times more than 
planned repairs, therefore, maintenance plans that rely on reactive maintenance 
are generally the most expensive. BM is the most expensive maintenance 
strategy because shutdowns disrupt and stop production runs [12, 13].  
One BM advantage is that investment in maintenance is not required as its 
initial costs are significantly lower. However, drawbacks of BM are evident 
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because, for instance as the predictability for emergency breakdowns cannot be 
ascertained, which might lead to other related damages to the plant or can 
cause lethal accidents, loss in the production and control over maintenance 
management loss. Thus BM is used where interruption of the production 
process is not important and maintenance repairs are cheaply and quickly 
carried out. 
1.2.2 Preventative Maintenance (PM) 
Preventive maintenance is one of the cornerstones of overall productive 
maintenance. Also it is called schedule maintenance or time based 
maintenance that is regularly performed on a piece of equipment to lessen the 
likelihood of it failing. The maintenance action is carried out at specific time 
intervals before accident of the fault in the machine and invariably results in 
maintenance costs, which are less than for breakdown maintenance. In 
additional the limitation of knowledge of the develop of failure base and lack of 
scientific methods in fault diagnosis, the determination of the intervals or criteria 
is usually based on design specifications, previous experience and statistical 
data. The amount saved depends upon the particular application [14]. 
PM is widely used and is the first level of maintenance above reactive 
maintenance. The advantage of this method is that most maintenance can be 
planned well in advance and that catastrophic failure is largely eliminated. The 
disadvantages, in addition to the fact that a small number of unforeseen failures 
can still occur, are that too much maintenance is carried out and an excessive 
number of replacement components consumed. The main aim of PM is to avoid 
unexpected catastrophic failures[15, 16]. 
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1.2.3 Condition Based Maintenance (CBM)  
Condition based maintenance (CBM) is a maintenance strategy which is 
undertaken based on the information from monitoring the actual condition of the 
machinery. It is a maintenance program that recommends maintenance action 
based on the information collected through CM. CBM is also used in an attempt 
to avoid unnecessary maintenance, by taken maintenance actions only when 
there is evidence of abnormal behaviour of the machinery [17, 18]. The main 
object of CBM is to obtain sufficiently detailed knowledge of the condition of a 
machine to be able to accurately predict its performance and time to failure, and 
that can achieved by employing numerous different monitoring techniques. 
Table 1-1shows the comparison amongst the three types of strategies in 
maintenance. It is seen clearly that the CBM strategy when compared with the 
others strategies especially can be more effective for maintaining machines that 
are complicated. Therefore, CBM is commonly used in the industry. 
There are various other maintenance strategies such as automatic 
maintenance, reliability centre maintenance and controlled maintenance. The 
important objectives of all maintenance work are tomaximise design life span, 
meet safety standards and reduce maintenance costs[19]. 
Table 1-1 Comparison of maintenance strategies 
Strategy Advantages Disadvantages 
BM cost is Low May lead to plant related damage 
PM Reduce the rates of accidents, 
particularly accidents that can be 
very catastrophic 
• Difficulty in determining the 
intervals for perfect 
maintenance  
• High cost of maintenance 
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CBM • Provides maximum duration of 
machine operation 
• Maintenance costs reduced 
greatly by eliminating  
unnecessary scheduled  
• Extra instrumentation 
investment  
• For the analysis on the data, 
experts is needed 
1.3 Condition Monitoring Challenges 
The significant of fault diagnosis and CM have increased with extensive 
acceptance in both industrial and academic area in last years. Recently, there 
have been numerous international conference on this research area with 
several paper publications, studying, several topics in their thousands including 
techniques for monitoring [5],mechanical modelling and diagnosis of faults [20]. 
However, such progressive and effective methods are hardly well utilised by 
industries as most industry would rather make use of traditional techniques that 
have been developed more than 3 decades ago. Typically, cases for diagnosing 
fault and CM where using temperature techniques have been well studied for 
rolling element bearings in academic research areas. 
1.4 Wireless Condition Monitoring 
Wired online systems for CM have been used successfully for many application 
in the industry. These wired sensors on the health of the machine provide 
information with some of these information very reliable that they shut down a 
machine automatically when an excessive level of vibration is detected. On the 
other hand, wired online system for CM has been limited mostly to big and 
critically important industrial machines because their cost are high. With the 
growing industrial machines being very complex and related cost increase, the 
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use of wired CM installations have increased with the need for more and 
upgraded wiring. 
Recently, with the development of communication technologies, wireless sensor 
networks (WSNs) have become increasingly common in CM. There are many 
benefits of using wireless CM, including lower installation cost, ease of 
maintenance, reduced connector failure, ease of replacement and upgrading, 
and improved security. On the other hand, WSNs face many challenges in the 
industrial environment; these include providing a high enough sampling rate, 
long-term cost effectiveness and higher security requirement. 
1.5 Motivation for Wireless Sensor Network 
In recent years WSNs have attracted attention in worldwide because of 
theirpotential to facilitate better, the physical environments controlling and 
monitoring from a remote location[21-23]. WSNs used industry have certain 
advantages including: 
Installation: Recently the price of wiring has risen so that it can be the highest 
single factor in the cost of a CM project. For example, in dangerous 
environments where special protected cabling must be used, the cabling can 
cost around $2.00 per foot (£4.13 per meter) [24] which makes the wiring many 
times as expensive as the sensors used.  
WSNs can be very economical for hazardous plants areas and where protection 
applications of high assets are required. Furthermore, they can be ideal areas 
with access problems for example, mountainous or rural, or across rivers areas 
[24]. 
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Maintenance:As wire gets old, it can easily cause system failure or crack, and 
it can take long labour and time to detect the fault and cure it. These cables 
maintenance is generally much more costlier than the sensors maintaining 
[23, 25]. Thus, wireless measurement can very effectively reduce such costs 
because wireless network installation can eliminate the need for very long 
cables [24].   
Security:  As is well-knownhard wireddata communication was, and will 
continue to be a problem. Industrial wireless networks must be secure to protect 
the data [26] but more and more secure methods of data transmission are 
surfacing each year. Bluetooth Low Energy offers various security services for 
protecting information exchange between two connected devices. However, 
intrusion prevention and malicious jamming frequencies are basic concerns 
when applying wireless technology [27]. 
Mobility and Flexibility: Because WSNs do not require any cables or wiring to 
the sensors they offer the benefit that the sensors can be easily relocated as 
and when required. The lack of wiring means plant managers can more easily 
reconfigure assembly lines to meet changing customer demand. Additionally the 
lack of wiring means WSNs, without the difficulties in planning a routes of the 
cable[28]. 
This thesis is based on two hypothesis. First is the designing and optimisation 
of extremely efficient the thermal EH module along with a WSN based 
temperature node by utilizing energy harvesting technologies.  Based on the 
restraints of wireless sensor node, the system should be designed in 
accordance effective with size and cost, on the principle of energy efficiency. 
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Second, this research aims also in investigating the analysiing methods to 
detect the temperature changes due to various faults associated with 
tribological mechanisms in the gearbox. 
1.6 Powering Wireless Sensor Nodes Problems 
WSN use has grown with a rapid increase in the number of possible 
applications, so the problem of powering WSNs has come to the fore: the high 
power consumption of sensor nodes, for example. In addition, there are 
limitations placed on the use of sensor nodes because of the high cost of 
providing cables to supply the sensor node with power. The combined cost of 
batteries and visits to accessible areas is high, but replacement batteries are 
not a viable solution for inaccessible areas. Sensor nodes, especially vibration 
sensors, must be very small, i.e. at most one cubic centimetre, to be suitable. 
Such extremely small devices are quite limited in the energy quantity, which can 
be stored in the form of an internal battery, and will be a serious limit on the life 
of nodes powered by small batteries. 
1.6.1 High Power Consumption of Sensor Nodes 
Reduce the power consumption of the wireless sensor node is usually critical 
issue in developing WSN applications. In addition, one main challenge in energy 
harvesting system that is how to implement power management circuit with a 
minimum power consumption overhead[29]. 
Consequently, various researches have been made regarding investigating the 
power consumption of this type of device and its applications[30].These 
investigations can help to predict the WSN lifetime, provide recommendations to 
developers and may optimize the energy consumed by the WSN devices. 
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Application developers should always adopt best practice in order to reduce the 
power consumption as much as possible [29, 31]. 
1.6.2 Energy Source Limitation for Sensor Nodes 
In several applications, sensor node lifetime ranges from 2-10 years depending 
on the detailed application requirements [32]. For example, a sensor node to 
detect the thickness of the ice on the side of a mountain may have to be in 
place for years for process of melting to be measureable. Therefore, the 
lifespan of the sensor nodes must be very lengthy. In that case its energy 
supply is one of the important considerations that must be addressed. 
The limitation in the energy supply and the size of the device generally means 
limited amount of resources such as memory, CPU performance, and wireless 
communication bandwidth used for transmission and forwarding range of the 
data. The necessity in improving another way of powering the actuator nodes 
and WSNs is of huge importance 
1.7 Energy Harvesting Solution for Wireless Sensor Node 
To remove the major obstacle of successful deployment of WSNs, the limitation 
of available energy for the network due to the nodes’ high power consumption, 
and the limited energy capacity and unknown lifetime battery performance, 
technology for energy harvesting (EH) has become a possible solution to 
maintain the WSN in operation[33, 34] 
Any technique that enabled Energy Harvesting to successfully and reliably 
maintain the productive life of a WSN would be expected to markedly reduce 
the cost of maintenance of industrial machinery.  
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Temperature can be an important parameter in monitoring the condition of 
many industrial machine components, including gearboxes [35] turbines[36] and 
bearing [37]. This PhD thesis will focus on temperature monitoring of a gearbox 
and develop embedded signal processing techniques so that they can become 
widely applicable. 
The work will extend recent theory of thermal energy harvesting to include 
temperature difference. The computer simulation used when developing the 
theoretical model has limitations, which has been identified and addressed. The 
FE models were employed to simulate the maximum temperature difference( 
temperature difference between hot side and cold side). Furthermore, the 
computer simulation will be used to help quantify the impact and address the 
limitations of the theoretical model.  A theoretical model will be validated 
through the experimental work investigation. The Theoretical model produces 
the quicker results, where the Finite Element model results takes longer with the 
experimental investigation results taking even longer to produce. A Peltier 
module CP85438 has been chosen as the TEG module, which was employed to 
simulate the maximum temperature difference between a hot side and cold side 
of the module. Additionally, the computer simulation will be used to help 
quantify and address the limitations of the theoretical model. The theoretical 
model will be validated by experimental work. The theoretical model produces 
the quicker results, the Finite Element model results take longer. 
1.8 Thermoelectric Energy Harvesting 
For energy harvesting system applications in WSN, thermal energy harvesting 
can be used as power source for many industrial and commercial applications. 
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Thermoelectric energy harvesting can capture the waste heat as a realistic 
method to continuously power a WSN. 
The thermoelectric generator (TEG) is a device that converts thermal energy 
(temperature difference) directly into electrical energy, using a phenomenon 
called the Seebeck effect. It can be used for the direct conversion of heat into 
electricity from sources such as geothermal energy, solar energy or waste heat. 
The main advantages are the low maintenance requirement, no moving parts 
and the potential of utilising heat sources over a wide temperature range. The 
voltage generated from the temperature difference is determining by the 
Seebeck effect.Seebeck effect is the basic thermoelectric (TE) operating 
principle describing the process whereby the two dissimilar materials junctions 
at different temperatures can generate voltage between them. It will state in 
chapter 2. 
1.9 Research Aims and Objectives 
The PhD project aim to develop a wireless temperature node to monitor the 
health and performance of a working gearbox. The wireless node is powered by 
thermal energy harvested from the wasted heat generated by the gearbox. 
Therefore, the wireless monitoring system avoids battery replacement and can 
thus be maintenance free. 
To realise this aim, following five the objectives are identified to be the critical 
milestones to be achieved: 
Objective one: Investigate the common CM strategies and techniques, and 
select one to use to monitor the heath of the gearbox. To obtain a detailed 
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understanding of energy harvesting and thermoelectricity generator design and 
function. 
Objective two: To investigate the WSN network applications to the for 
condition monitoring fields, including various protocols and challenges. Develop 
a detailed understanding the Bluetooth Low Energy which will act as the 
wireless transmission protocol.  
Objective three: Provide background information regarding the development of 
the TEG model. A fundamental theoretical understanding of the generated 
voltage of the TEG model will be developed. Build and run 3D Finite Element 
computer model of the thermal design, and validate the model against 
experimental data. 
Objective four: Develop and design a rig suitable to test the TEG and WSN 
developed. Evaluate the performance of the TEG for THE for three different 
specification of heat sink, in which an industrial gearbox will be used as both a 
heat source for the TEG system and the monitored machines for WSN. 
Objective five: Evaluate the performance of the TEG for energy harvesting to 
power the WSN for different test conditions. In addition, investigate the use of a 
wireless temperature node to monitor and diagnose different faults on a 
gearbox transmission system under different conditions. 
1.10 Research Methodology 
The main research involved in the project will complete three different stages: 
• The first stage involves the development of the Theoretical model   
• The second stage involves the development of FE models 
• The last stage involves the Experimental investigation.. 
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➢ The first stage will develop the theoretical model, defining the maximum 
of temperature difference through the module parts. This aspect of the 
Theoretical model’s development is linked to the work of name Prijic et, 
al., (2015). 
➢ The second will develop a full 3D FE model using SolidWorks software. 
The computer simulation will be used to help quantify the impact of, and 
address limitations of, the theoretical model. A finite element model will 
be preferable to an experimental test at this stage as the experimental 
method will introduce a number of uncontrolled parameters. 
➢ The last stage will provide experimental data to validate the theory model 
predictions and the simulation results, and will quantify the impact of 
those parameters which cannot be controlled. The experimental 
investigation will be carried out on a specially developed test rig, which 
was designed and built at the University of Huddersfield 
1.11 Research Risk Assessment 
Experimental work undertaken in this research will be performed in the 
University of Huddersfield Laboratory. All the laboratory equipment is subjected 
to the health and safety requirements of the University of Huddersfield`s policy 
(2010 – 2014). The health and safety procedure has been reviewed for the 
project`s experimental work. See appendix (E) 
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1.12 Thesis outline 
 
Figure 1-1Structure of the thesis 
The main thesis structure of the thesis is outlined in Figure 1-1. In this section, a 
brief introduction is given to outline the contents and lay emphasis on of the 
following chapters: 
Chapter One: 
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This chapter introduced the background to the thesis. It started with a general 
review of maintenance strategies and the improvement obtainable using WSNs. 
Common CM techniques were explained. Then, the motivation for the research 
was presented. Finally, the Aims and Objectives of the research were listed, 
and an outline of thesis are given. 
Chapter Two 
Literature survey: this chapter details the literature relating to thermal energy 
harvesting that is relevant to this PhD thesis. It serves as an introduction to 
thermal energy harvesting and is intended to provide background information 
regarding thermoelectric devices and its applications. Then, the physical 
phenomena of thermoelectricity are explained. Then, thermal and electrical 
conductivities and energy storage are described. This is followed by 
thermoelectric generation, its materials and thermometric trade-off. Finally, TE 
modules are presented. 
Chapter Three 
The key features for the most common wireless techniques and their 
applications in CM have been reviewed in this chapter. Then, relative 
comparisons for the specific purpose for machinery monitoring is made, after 
which Bluetooth Low Energy and its application are presented. The sensor Tag 
CC2650STK is presented. Finally, challenges and problems of WSNs and their 
solutions are discussed. 
Chapter Four  
Theory analysis – this chapter shows how the theoretical module was 
developed. 
Chapter Five 
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FE Module - this chapter details how the EF module works. 
Chapter Six 
This chapter focuses on the experimental investigation of thermal energy 
harvesting. It describes the thermoelectric generator (TEG) design and how it 
can be used in evaluating the thermal energy harvesting performance.  
Chapter Seven 
A thermal system for energy harvesting is designed in powering a wireless 
sensor node that will monitor the temperature of the gearbox has been 
presented in this chapter. The system is designed based on the previous 
chapter. Then, to improve the thermal energy harvesting system efficiency as a 
new test rig has therefore been developing 
Chapter Eight 
In this chapter, a wireless temperature node has been applied to detect and 
diagnose different faults on a gearbox transmission system under different 
conditions. In which, the wireless temperature node was supplied using a wired 
power sources without needing for charging problems. 
Chapter Nine 
Conclusions and achievement overviews for this research concerning the aim 
and objectives have been presented. The description of the knowledge 
contribution made in this research, and future work recommendation have also 
been presented.
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Chapter 2. Literatures Review: Energy 
Harvesting Techniques 
 
Energy harvesting has gained huge advancements in the past few years and a 
variety of unused ambient energy sources such as solar, thermal, vibration and 
wind, are converted the harvested energy into electrical energy to recharge the 
batteries. These kinds of technologies bring great benefits to our routine work 
and the industrial fields. 
Temperature gradients commonly come in numerous household or industrial 
settings. It is estimated that temperature gradients inherent in the local 
environment can provide power for sustainable wireless sensor node operation. 
This chapter firstly reviews energy harvesting technologies and energy 
harvesting systems. It also provides a review of existing work in energy 
harvesting. Finally, thermal energy harvesting is discussed to provide 
background information regarding thermoelectric devices, thermoelectric 
materials and a thermoelectric module. 
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2.1 Introduction 
In recent years, there has been a rapid increase in research in the field of 
energy harvesting (EH). EH is commonly defined as the conversion of ambient 
energy into electrical energy. It is also called energy scavenging or power 
harvesting, and is a process by which energy can be obtained from the 
environment. EH is not new, but a current challenge is how to integrate efficient 
EH into a modern embedded system such as a WSN, while satisfying the 
constraints imposed in terms of both the system itself and application 
environment[38]. 
2.2 Energy Harvesting Technologies 
EH consists of many techniques that capture or harvest a variation of under-
used or unused sources of ambient energy such as sunlight, vibration, and 
radio frequency waves and convert them directly to electrical energy [39]. 
Energy harvesting provides a very small amount of power and that makes them 
suitable for powering low energy electronics[40].Different sources of ambient 
energy and energy harvesters are illustrated in Figure 2-1. (Wan et al., 2010) 
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Figure 2-1Source of energy harvesting source and EH devices [41] 
Figure 2-1, shows various sunused and waste ambient energies that can be 
harvested from the environment. These sources already exist and would be 
suitable for powering WSNs. Recently, many researchers have investigated the 
quantity and availability of these energy sources in the environment [41]. Table 
2-1 illustrates EH sources performance compilation and their energy density 
factors[42]. Based on the table, it can be seen that solar power yields the 
highest energy density in an outdoor environment and, under certain 
circumstances, can achieve a higher energy density than normal batteries. 
Solar energy (SE) may be sufficient during the day but it is not available at 
night. Thus, the energy harvested depends heavily on the specific location and 
time of day. Obviously, when the solar cells are illuminated using typical indoor 
light sources the ambient light energy density drops substantially. 
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Table 2-1 Energy Harvesting opportunities and demonstrated capabilities [42] 
Source of energy Performance Notes 
Ambient light 100 mW/cm2 (direct sunlight) 
 
100µW/cm2 (illuminated office) 
Common polycrystalline solar 
cells are 10%-17% efficient, 
Standard mono-crystalline cells 
canreach 20%. 
Thermal a) 60µW/cm2 at 5K 
gradient 
b) 135µW/cm2 at 10K 
gradient 
Typical efficiency of 
thermoelectric generators are ≤ 
1% for ∆T˂ 313K 
a)  
Pressure of Blood 0.93 W at 100 mmHg When coupled a with piezoelectric 
generator, the power that can be 
generated is in the order of µW  
Vibration 4µW/ cm3(Human, motion-HZ) 
800µW/ cm3( Machine-kHz) 
Predictions for 1cm3 generators, 
Highly dependent on excitation 
(power tends to be proportional to 
the driving frequency and the 
input displacement.) 
Hand linear 
generator 
 2mW/cm3 Shake-drive flashlight of 3Hz 
Push Button 50µJ Quoted at 3V DC for the MIT 
Media Lab Device  
Heel Strike 118J/cm3 Per walking step on piezoelectric 
insole 
Ambient wind 1mW/cm2 Typical average ambient wind 
speed of 3m/s  
Ambient radio 
frequency 
˂1uW/cm2 Unless near a RF transmitter 
Wireless energy 
transfer 
˂ 14mW/cm2 Separation distance of 2 meters 
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2.3 Energy Harvesting System 
An EH system consists generally of four principal components: mechanism for 
energy collection and conversion, condition circuit/ electrical power 
management, device for energy storage and electrical load (e.g. 
WSN)[43].Each component can be constructed in numerous ways, according to 
the needs of the device and the preferences of the designer.Figure 
2-2illustrates an energy harvesting system general block diagram.  
 
Figure 2-2 General block diagram of EH system 
In Figure 2-2, it can be seen that the function of EH is to harvest 
environmentally available power and convert that into useful electrical energy. 
Energy harvesters general examples is shown in Figure 2-1 which include solar 
cells for collecting solar energy, TEG (thermoelectric generator) in harvesting 
thermal energy, piezoelectric material in converting to electric power from 
vibration energy, and the antenna arrays in capturing from ambient, radio 
frequency energy. 
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The efficiency of the performance is highly significant for a small EH system, 
and the electric power being generated needs to be appropriately conditioned 
for the device to be powered, for maximum system efficiency. Power 
conditioning circuit main objective shown in Figure 2-2 is to process and control 
the electrical energy flow to the load from the source in a manner that the 
energy is efficiently used. Another key advantage of power conditioning circuit is 
to convert and regulate the levels of electrical voltage into suitable levels for the 
load [44]. In ensuring continuous operation of the load even when the external 
source of energy is temporarily unavailable or weak, any excess harvested 
power should be stored either in super-capacitor or in a rechargeable battery as 
shown in Figure 2-2. The stored energy in the super capacitor is used in 
charging the battery and to supply power to the sensor nodes. Depending on 
the local environmental conditions, the power requirements of the load and the 
specifics of the EH system (i.e. WNS and its control circuitry) will vary, and the 
design of each individual power harvesting system will be such as to optimise 
and maintain the operation of WSN. 
2.4 Condition Monitoring Techniques 
CM techniques will according to the machines or processes being monitored, 
and the objectives of the maintenance programme. The most commonly used 
machine and process CM methods are discussion in [3, 7, 45, 46] and are 
presented in the following a brief summary. 
A. Visual Inspection 
This technique can sometimes provide a direct indication of machine condition 
without the need for further analysis. The tools used in visual inspection range 
from a simple magnifying glass to stroboscopes or low power microscopes. 
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Visual inspection can be sometimes offer an immediate detection of machine 
faults without the necessity for additional analysis[47, 48]. It is a very cost-
effective method as it costs very little compared with more formal systems 
based on the use of sensors and monitoring equipment.  
Visual inspection is commonly useful in detecting leakage, cracks and 
corrosion. In addition, it provides a flexible and immediate assessment of 
machine condition. The problem of different conclusions being drawn by 
different inspectors for the same machine is because of individual nature of their 
personal skills and experiences. However, the biggest problem with this 
technique that the monitoring and information obtained may not be received in 
sufficient time to take remedial action before a fault develops[48]. 
This simple technique can be extended to include the use of other human 
senses such as hearing, touch and smell. 
B. Acoustic Emission Monitoring 
In recent years, Acoustic Emission (AE) monitoring has been successfully used 
in many CM applications with industrial machines for detecting leakage, fatigue 
cracks, damage in ball and roller bearings, etc. 
AE describes the elastic, transient waves, within as approximate range of 
frequency form 100 kHz to 1 MHz that occurs due to changes in the materials 
microstructure. Sources of AE can occur because of the stress material 
mechanical deformation, include dislocations creation and movement, crack 
growth, slip (sliding metals in frictional contact) and mechanical impacts[49, 50]. 
The AE propagation advantage is that, given a sufficient energy source, 
external remote material behaviour investigation is possible. This advantage is 
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quite  significant when the interested area is at a location that is inaccessible or 
an  area that prohibits using other monitoring techniques[50]. 
The mechanisms source that produces AE are largely also responsible for 
audible air-borne acoustic and vibration waves. All of these can be regarded as 
CM techniques that are non-intrusive, although it is clear in some regards that 
AE has advantages over the other two techniques. 
C. Temperature Monitoring 
Temperature monitoring is extremely will-known and one of the most common 
monitoring techniques used with industrial machines, both mechanical and 
electrical machinery. It provides useful monitoring information about the 
condition of the components in the machines. The most commonly used 
instruments for temperature measurement of gearbox are thermocouples and 
resistance thermometers[51]. In additional, this technique has been proved to 
be exceptionally useful especially where it is difficult to employ conventional 
surveillance equipment, or in hazardous atmospheres. 
D. Performance Monitoring 
A machine or process is designed to perform certain functions. With the 
performance monitoring technique, the main aim is to confirm that it performs its 
required function (whether converting energy from one form to another or 
producing quality products) at the required rate with the necessary efficiency. 
The condition of a machine or a component can be indicated by data or 
information obtained from performance monitoring [52]. E.g., tool wear may 
result in product dimension increase and by checking the quality of the product 
quality, the extent at which the tool has worn out can be assessed. It is a steady 
state monitoring technique and its problem is that its feedback information may 
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not be provided on time or well enough in advance of a fault occurring. It can 
also require highly accurate transducers in order to determine useful outputs[3]. 
E. Vibration Monitoring 
All rotating and reciprocating components such as electric motors produce a 
wide range of vibration frequencies. Even two outwardly identical machines will 
have different signatures due to small dimensional and assembly differences. 
With vibration monitoring a sensor picks up the vibration signals generated by a 
machine, and these are analysed to determine the condition of the machine 
[51]. There are many reasons for the wide use of vibration monitoring, possibly 
the most important is that almost every machine or process will produce 
vibration in one form or another while in operation. Another reason is the 
vibration mechanisms of most machinery and structures are theoretically 
understood, making it possible to predict the characteristics of vibration 
responses due to specific faults. This is due to its established ability in detecting 
the existence of early faults [48,53]. 
However, vibration monitoring is not appropriate for all CM purposes as it 
provides vibration related information and certain types of faults, such as wear, 
may not produce significant change in vibration levels. Nevertheless, vibration 
CM is the predominantly used and most cost-effective technique [18]. 
2.5 Review of the Existing Work on Energy Harvesting System 
There are numerous research works and experimental investigation recorded in 
the literature on harvesting environmental energy source for poweringWSNs. 
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2.5.1 Solar Energy (SE) 
Solar energy is one of the most common source of energy harvested from the 
environment. Solar cells which is an energy harvester, where the photovoltaic 
effect is used in converting directly to electric power from solar radiation [55]. 
Normally, the voltage being generated for a solar cell depends on the material 
of the cell and the level of the input solar radiation [56]. However, the current 
being generated for a solar cell is proportional roughly to the solar cell area. 
From a single solar cell, the current and voltage is not big enough in meeting 
the sensors nodes energy requirement, so several solar cells in parallel or 
series are combined in a solar panel of array in providing a suitable current and 
voltage [57]. 
According to some researchers the solar energy density outdoors at midday is 
about 100 mmW/cm2, per centimetre square indicating that in a 1 cm2, electrical 
power of 100mW from the sun can be harvested by the use of the solar panel. 
Conversely, based on (Randall) the light energy density in indoor environments 
is almost 100µW/cm2[58].Amorphous silicon solar cells and thin film 
polycrystalline are normally used commercially due to their relatively low cost 
and also low efficiency of between 10 to13% [58]. 
Recently, various applications of solar EHhave claimed a better performance 
and greater energy conversion.Permethus[59], Helimote[59], Everlast[60],and 
Ambimax[61]are different prototypes of solar harvesting sensor nodes, see 
Figure 2-3. 
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Figure 2-3 (a) Prometheus sensor node, (b) Everlast prototype system, (c) 
Ambimax solar panel with light sensor,(d) AmbiMax board with super-
capacitor[59, 61] 
Prometheus and Heliomote are prototypes EH systems where connection 
between the storage device and solar panels takes place. A Prometheus photo 
is shown in Figure 2-3(a). In this design, there is direct connection between the 
solar panel and a super-capacitor. This means that this prototype has been 
specially designed for super-capacitor with low voltage as much less power is 
generated by the solar panel than  𝑃𝑀𝑃𝑃 (maximum power). 
Everlast is another prototype of solar panels, which is a super-capacitor 
operating platform for energy harvesting (see Figure 2-3(b)). That is, it is a 
combined system with sensors, radio, energy harvesting subsystem and low 
power MCU. This type of technique is simple, easy to design and cheap to 
Chapter Three                                       Investigation of WSN 
49 
Badradin Elforjani  PhD 2017 
construct. The addition, the components of EH systems are: solar cells, a 100F 
super-capacitor, PFM regular and Pules Frequency Modulated (PFM) controller.  
There is another an autonomous energy harvesting called Ambimax, which is 
for multi-supply wireless sensor nodes. The Ambimax not only convert solar 
energy but also can be harvested even wind energy (see Figure 2-3 (d)). Each 
source of power has its individual harvesting system charging a super-
capacitor. The super-capacitor energy stored is used in charging the battery 
and supplying power to the sensor node.   
2.5.2 Vibration Energy (VE) 
Vibration energy is another example of general source of energy that, from the 
environment, can be harvested. Indeed, EH of mechanical vibration is 
considered to a very effective way of converting environment energy directly 
into electricity [62]. As an environmental energy source vibratory motion is 
generally available and easily accessible, and regularly used to power portable 
or wireless devices. Examples of vibrations that can be used are those 
occurring in buildings, transport, human activities and industry. Numerous 
research studies on EH of vibration energy have been carried out which show 
that the density of power from vibration that can be harvested is almost 300 
µW/cm3[63]. Any device that can harvest into electricity, mechanical motion can 
be categorized as piezoelectric, electromagnetic and electrostatic [64, 65]. A 
coil oscillates, in electromagnetic transformers, in a magnetic field that is static 
and induces across the coil a voltage. Piezoelectric transformers exploit the 
characteristic of certain materials such as ceramics or crystals in generating an 
electric voltage due to an applied mechanical force [66]. In the case of 
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electrostatic transformers, electric charge on changing capacitor plates 
generates a voltage. 
 
Figure 2-4 (a) Piezoelectric power RFID shoes with mounted electronics, (b) 
Vibration power wireless sensor node, c)electromagnetic vibration-based micro-
generator device, d) Electrostatic transformer[66, 67] 
Shenck et al.,[66]presented a piezoelectric powered RFID ( Radio Frequency 
Identification) system as shown in Figure 2-4(a).This used a specially designed 
shoe to convert energy from human movement under normal working 
conditions, to generate about 10 mW of power. From human activities, the 
mechanical energy is a promising source of renewable energy. 
Roundy and Wright have made a similar proposed using piezoelectric 
generators as shown Figure 2-4(b) as a smart way in powering wireless sensors 
[68]. Other EH researcher that are vibration-based has included electronic 
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textiles that are wearable [69], and electromagnetic micro-generator devices 
that are also vibration based to power sensor systems that are intelligent [70]. 
Meninger et al., developed an electromagnetic converter from vibration to 
electricity that produces electrical power of 2.5 µW per cm3[71].Similar research 
by Mitcheson, et al., has indicated that up to 4 µW/cm3 can be achieved from 
vibration microgenerators (of order 1 cm3 in volume) with typical human motion 
(5 mm motion at 1 Hz), and up to 800 µW/cm3 from machine induced stimuli (2 
nm motion at 2.5 kHz) [72].However, at present, there is inadequate 
management circuits with ultra-low power in conditioning this generation of 
micro-power. 
Magnetostrictive materials (MsM) are a class of compounds that change their 
shape or dimension when they are subjected to a magnetic field. The 
mechanism of magnetostriction can be seenFigure 2-4(c). The principle of 
vibration EH is mainly based on the Villari effect[67].Wang and Yuan [73] were 
amongst the first to propose the feasibility of using amorphous metallic 
(Metaglas 2605SC) glass as a MsM suitable for harvesting power from 
mechanical vibration. 
2.5.3 Thermal Energy (TE) 
Thermal EH is the process of converting thermal energy to electrical energy by 
using a TEG, such as a thermocouple. There are various well-known methods 
for converting thermal energy directly into electrical power such as the Seebeck 
and the piezo-thermal effects, and others are currently under investigation [74]. 
Basically, electric current is generated by heat flow through a thermoelectric 
(TE) material[76]. The output power of a TEG depends on its area and the 
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temperature difference from one side of the element to the other. However, 
TEGs can be used for powering CM WSNs in domestic and industrial 
environments, and many papers have been presented on the TEG in the past 
decade[75-77]. 
Previous research studies for thermal energy harvesting have demonstrated 
that TEGs that Seebeck effect based are popular devices for converting thermal 
energy to electrical power [78].The electrical power produced is proportional to 
the temperature difference between the hot and cold side junctions. Hudek and 
Amatucci have presented a summary of the performance of TE modules 
performance summary, capable of generating from between 1-60 µW/cm2 for 
temperature difference at 5K or less [74].Watkins, et al., achieved the highest 
power densitywith a module that can produce 6.1mW/ cm2at 2.7K temperature 
difference, but 0.25 V/cm2 of open circuit voltage [79]. 
2.5.3.1 Thermoelectric Generator 
Thermoelectric generators (TEGs) are solid state devices which means that 
they have no moving parts, produce no noise and involve no harmful agents. 
TEGs are the most widely adopted devices for waste heat recovery. The ability 
to generate electrical power from a temperature difference across a material is 
due to the Seebeck effect [80]. The Seebeck effect was first discovery Johann 
Seebeck in 1821, who found that when the two junctions are at difference 
temperatures, a low voltage is generated. TheSeebeck`s effect can be 
observed in a thermocouple made of two dissimilar conductors.Figure 2-5 
shows a schematic for a thermoelectric.In addition, Seebeck effect based TEG 
(Thermoelectric generator) is one device that is quite popular being used in 
harvesting thermal gradient energy.  
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In 2000, Simon [81]reviewed the devices have long been used in cooling 
application for electronic devices, and in 2005, Luo[82]illustrated that the 
prototype thermoelectric can save more than 38% of the power consumption 
compared with that of conventional electric water heaters. It is of great practical 
interest in building energy saving, supplying hot water for carriages, ships and 
other analogous movable spaces.In 2013, Siviter et al [83] suggested the large-
scale application of thermoelectric heat pimps to improve the efficiency of power 
plants based on the Rankine cycle. When used in electrical power generating 
mode,TE devices are usually referred to as TEGs. Rowe [84] provides an 
overview of earlier applications and assesses the potential of TE power 
generation as an alternative source of electrical power. 
Hot Side
Cold Side
-
-
+
+
+-
P-LegN-Leg
Electrical insulation
layer
Metal 
connection
Th (Hot temperature)
TC (Cold 
Temperature)
 
Figure 2-5Basic configuration for a thermoelectric device 
2.5.3.2 Seebeck Effect 
In general, when two dissimilar conductors, A and B constitute a circuit, a 
current will flow as long as the junctions of the two conductors are at different 
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temperature. Conductors A is defined as being positive with respect to 
conductor B if the electrons from A to B at the colder junction as shown inFigure 
2-6. 
The TEG module 𝑉𝐺  (open circuit voltage) can be calculated from the 
temperature difference ∆𝑇 between hot side (𝑇ℎ) and cold side (𝑇𝐶): 
TNV abG =     (2-1) 
Where N denotes the number of thermocouples used, 𝛼𝑎𝑏 is the thermocouple 
materials seebeck coefficient and β thermal coefficient, and 𝛼𝑎𝑏 is the Seebeck 
coefficient of thermocouple materials. It can be seen that with the increase of 
the number of thermocouple in the TEG module, the open circuit voltage will be 
larger. 
 
Figure 2-6 The Seebeck effect 
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TE devices are often comprised of a number of semiconductor elements of both 
N-type and P-type which are connected electrically in series and thermally in 
parallel as shown in Figure 2-7.When heat flows through the cell the N-type 
components are loaded negatively (excess of electrons) and P-type 
components are loaded positively (default electron). ). If the thermal gradient is 
such that the heat is flowing from the “top” to the “bottom” of the TE device (see 
Figure 2-7), a voltage will be produced and an electric current will flow. The 
voltage from each element is added such that a device comprising many such 
elements produces a usable voltage. Each p- and n- pair is referred to as a 
thermocouple.  
 
Figure 2-7 Thermal to electric conversion with thermoelectric 
2.5.3.3 Thermoelectric Materials 
High coefficient of Seebeck, high electric conductivity and low thermal 
conductivity are characteristics of a good TE material. When a TE material are 
used for designing, there is usually a trade-off regarding keeping the thermal 
conductivity low and the electric conductivity high [85].This is because the 
transportation of both the heat and electric current is the responsibility of the 
electrons. Lattice vibrations, called phonons, can also transport heat and the 
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reduction of this contribution to the conductivity of heat when new materials are 
being developed is of significant importance. 
Materials such as glass, due to the way their material lattice is being organized, 
have a low thermal conductivity [86]. Though glass does not allow electrons to 
flow, it makes them poor TE material. Crystalline materials are good TE 
materials as they scatter their phonons without the disruption of their electrical 
conductivity. Crystalline semiconductors are known today as the best TE 
materials, as more researchers and scientists are working hard to develop and 
improve their properties as seen in [87-89] for example. 
The most commonly TE material used is the Bismuth telluride (Bi2Te3) which 
was first suggested in 1945 as a TE material [90]. Its properties depends 
strongly on the crystal size, carrier concentration and crystal orientation. Hence, 
making the properties of the material different for Bi2Te3 that is supplied by 
various manufacturers [73]. 
2.5.3.4 Thermoelectric Module 
The TE pellets in a TE module are connected electrically in series with a small 
metal plate. Such connectors are typically made from aluminium or copper for 
good thermal and electric conductance [91]. The connectors are mounted on a 
ceramic material sheet on the cold side which is both a good electric insulator 
and thermal conductor. Aluminium oxide (AI2O3) is a common material used as 
they are cheap, retains the right thermal conductor and are stiff. On the cold 
side, the thermoelectric pellets are mounted on the metal connectors, and then 
connected together on the hot side using additional metal connectors. The 
entire package is then covered using another ceramic material layer. 
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2.5.3.5 Typical Thermal Energy Harvesting Systems 
In the literature, several thermal EH applications have been proposed. One 
example of thermal EH is the Seiko Thermic watch, as illustrated in Figure 8-
2Figure 2-8(a). A TEG is used in harvesting heat from the body and converting 
it into electrical energy in order to drive the watch. The thermal EH system 
consists of a series TE module, DC-DC voltage booster and a lithium-ion 
battery. A difference  in temperature of about 1Kelvin, between the room 
temperature environment and the wrist, can be converted to  22 µW [74]. 
Solar
concentrator
Transparent
Window
TEGsBlack body
Heat sink
(a)(b)
(C)
Heat flow Battery
Watch movement
Tremoelectric
modules
Booster
Integrated circuit
Figure 2-8 Examples of thermal energy harvesting applications[92] 
Leonov et al., have been considered similarly work,which they designed the 
thermal energy harvesting system using TE power generator to convert body 
heat into electrical power, see inFigure 2-8(b)[92].The voltage output of the TEG 
module is usually very small hence, a DC-DC booster is usually added in 
boosting the voltage being harvested and then store the power into a 
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rechargeable signal of 1.2V NiMH battery. The average rate at which power 
was harvested by the thermal EH system during the day was almost 250µW 
corresponding to about 20 µW/cm2 with 10 kelvin temperature difference, which 
in an improvement from the solar in indoor case.  
In another thermal EH system, Sodana et al, presented thermal EH system with 
solar with a solar generator placed in a greenhouse as shown in  Figure 8-2(c). 
The solar thermal EH system used a TE module between the ground and the 
heat sink. The converted power was used in recharging a 300mA NIMH battery. 
At ∆T estimation of 25K, the energy being harvested was able to recharge  in 
3.3mins, an 80 mAh battery. The authors have explained that TE generator can 
be used as photovoltaic devices alternative though there are some discussions 
on how the solar thermal EH power of the management element are designed 
 
Figure 2-9 Design of self-power telemetric wireless sensor node[93] 
In another thermal energy harvesting research, Aneta  et al.,[93] developed an 
energy harvesting system to power WSN, as Figure 2-9 depicts a prototype. A 
TEG module is used in converting energy between the ambient and a hot chuck 
Chapter Three                                       Investigation of WSN 
59 
Badradin Elforjani  PhD 2017 
with computer controlled temperature as the source of heat, from temperature 
difference. The harvested energy is used to charge super-capacitor which is 
used there is no harvested energy or the harvested energy is not adequate for 
continuous node operation. 
 
Figure 2-10 Thermal energy harvesting system[94] 
Similar work has been done by Xin Lu and Shuang Hua [94].They designed a 
thermal energy harvesting system as shown in Figure 2-10, that can harvest 
heat energy between radiator as heat source and ambient, from a temperature 
gradient and converting it to electrical energy in powering the ZigBee 
electronics. The results from the experiment shows that a maximum power of 
150mW by the prototype can be harvested, and when the voltage being 
harvesting is as low as 0.45V, the system can operate normally continuously. 
2.6 Key Findings 
It is clear that EH technology can enhanced for the performance of a 
WSN.There are numerous different designs of EH systems using much the 
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same components (e.g. battery and/or WSN) because each type of energy 
source will require its own EH system and the systems tend to be very specific 
to the energy being harvested. Researchers haven`t point out that their system 
structure of their system was most efficient. As each platform is typically 
designed for a particular sensor node and focused only in harvesting one power 
source type, cannot expand easily, the systems in harvesting another form of 
energy and use it for other forms of applications.Similarly, even when the 
energy source is defined and the EH device selected there will be a range of 
possible designs depending upon the electronic and/or mechanical components 
chosen.In addition, there is no clear procedure for EH design that have been 
introduced to guide the researcher in the literature, a new system for energy 
harvesting. The researcher follows a procedure of trial and error in improving a 
new system of energy harvesting, with this procedure being considered as 
inefficient.  Therefore, if there a procedure for a simple and efficient design that 
can be followed, the design progress for harvesting energy can be simplified 
and the time for improvement can be shortened. 
There are two concerns are noted when energy is converted from ambient heat 
flow, especially for small scale of thermal EH systems. The first one is that the 
ambient temperature difference small value produces a very low voltage output 
that can recharge a battery or to power a device or that can even power a boost 
harvester. Therefore, finding a means in increasing the temperature difference 
or at least, maintain a large thermal EH designs temperature difference is very 
significant. Hence, consideration should be given to increase the heat transfer 
in thermal EH systems. Secondly, the fluctuation of the ambient temperature 
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may produce fluctuations of the output of voltage of the TEG. Thus, a boost 
converter and a heat sink are both components that are vital in the thermal EH. 
The essential target in this research thesis is designing and implementing a 
self-sustaining and self-powering micro-system for energy harvesting in order to 
power sensor node that are wireless. 
 
Chapter 3. Investigation of Wireless 
Sensor Networks for Condition 
Monitoring 
 
In the last few years, Wireless Sensor Networks have seen numerous 
improvements, with new wireless protocols, such as Bluetooth Low Energy, Wi-
Fi, and ZigBee developed for different types of applications. These techniques 
can be of significant benefit both to our daily personal lives and to commerce 
and industry. 
This chapter reviews the main features of the most popular wireless 
transmission techniquesand typical applications in the condition monitoring. 
Then, they are compared the specific purpose for machine condition monitoring. 
In addition, a review of wireless sensor networks used for condition monitoring 
is presented. Finally, challenges and problems for employing wireless 
techniques for condition monitoring are discussed. 
 
 
 
 
 
Chapter Three                                       Investigation of WSN 
62 
Badradin Elforjani  PhD 2017 
 
 
 
 
 
 
 
3.1 Introduction to Wireless Sensor Networks 
The use of WSNs is a field of growing interest and has developed substantially 
in recent years. The WSN typically consists of a number of individual sensor 
nodes that are able to collect information by measuring locally varying 
parameters such as temperature, vibration, humidity, sound level, etc. Such 
uses of WSNs include numerous applications in fields such as Structural Health 
Monitoring [95-97], environmental monitoring, military applications, industrial 
condition monitoring, control applications, and .medical diagnostics[98].It has 
also played an important role in the emerging Internet of Things (IOT)[100].The 
IOT also is the inter-connection of physical devices, such as industrial 
machines, using embedded sensors and their associated electronics, software 
and a connecting network such that the sensors collect and exchange data 
providing information on and, even, control of a machine or process[101]. 
3.2 Architecture of WSNs 
The WSNs are a major development of wired sensor networks where hard-wire 
communication cables are no longer required and have much lower installation 
and maintenance costs. The architecture of the WSN will usually include 
consideration of the types and positions of the sensor nodes, sink node, public 
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communication network (internet connection), the task manager and end user 
[102]. 
Today there are many small, smart and inexpensive sensor nodes available, 
designed to collect data and track information useful to the end user[103]. 
These sensors nodes can communicate with each other wirelessly to cooperate 
and configure a network, collect data from the local environment and 
disseminate it. Figure 3-1 shows the architecture of WSN that includedthe 
sensor nodes and the transfer of databy nodes close to each other via wireless 
connection to a sink node. The sink node serves as a gateway and has greater 
processing ability, it communicates with the task manager node. The connection 
between the sink and task manager nodes is by public network, internet or 
satellite. 
 
Figure 3-1 Architecture of Wireless Sensor Node[102] 
3.3 Wireless Applicationsfor Condition Monitoring 
In the past few years, Wireless sensor technologies have made massive 
progress and many wireless protocols have been developed for numerous 
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specific applications; these include Bluetooth, Wi-Fi, ZigBee, mobile 
communication, RFID, etc.Condition based maintenance is one area which has 
benefits greatly from these developments. 
Wireless network techniques will vary according to their application, including 
signal range, and are usually classified into four groups [104]: wireless personal 
area network (WPAN), wireless local area network (WLAN), four different 
categories [104]: They are WLAN (wireless local area network), WPAN 
(wireless personal area network), WWAN (wireless wide area network) and 
WMAN (wireless metropolitan area network). In general, cost and the power 
consumption increases with signal range and bandwidth. 
3.3.1 Wireless Personal Area Networks 
Wireless personal area networks aregenerally described as short range and low 
of power, and is suitable for monitoring industrial machinery within a factory. 
The advantage of this type of network is the possibility of ad-hoc mode 
connections.They have been widely and successfulapplied, mainly because of 
such featureson low rate, low cost, limited power,and short distance 
transmission[105]. 
The most common protocolsfor wireless personal area networksare IEEE802 
(e.g. Bluetooth), IEEE802.15.3 and IEEE802.15.4.In addition, there are also 
some commonly used short range and low power protocols such as RFID, NFC, 
IRDA, which are not relevant to the IEEE. 
3.3.2 Wireless Wide Area Network  
The popular and extremely well-used cellular network is a type of the WWAN. In 
the last decade, WWAN has developed enormously and gained success in its 
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applications in the form of trade products. It also provides for users the 
possibility to create wireless connections over a wide geographic zone with 
either private or remote public networks.Table 3-1shows the maximum data 
speed for several presently available cellular networks [106]. 
The packet data communications is General Packet Radio Service (GPRS) built 
on top of the Global System for Mobile Communication (GSM) technology to 
offer a maximum upload of 40 kbps. Theoretical evaluation of GSM has 
demonstrated that the maximum possible download could be as high as 384 
kbps[107]. 
Table 3-1 Maximum data speed for cellular network standards[106] 
Protocols Standard Download Upload 
2.5G GPRS 114kgbps 20kbps 
2.75G EDGE 384kbps 60kbps 
3G UMTS 
W-CDMA 
HSPA 3.6 
HSPA7.2 
384kpbs 
2Mbps 
3.6Mbps 
7.2Mbps 
64kbps 
153kbps 
348kbps 
2Mbps 
Pre-4G HSPA14 
HSPA+ 
WiMAX 
14Mpbs 
56Mbps 
75Mbps 
5.7 Mbps 
22 Mbps 
30 Mbp 
4G WiMAX2 1 Gbps 500 Mbps 
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LTE advanced 1 Gbps 500 Mbps 
3.3.3 Wireless Metropolitan Area Network 
Recent improvements to wireless metropolitan area networks (WMANs) have 
provided data rates of hundreds of Mbps over a wide range. WMAN is also the 
official trademark of the IEEE 802.16 working group on Broadband Wireless 
Access Standards. The Worldwide Interoperability for Microwave Access 
(WIMAX) forum promotes conformity of communication using IEEE 802.16 as 
its base. The purpose of WiMAX is to ensure broadband internet connectivity of 
WLANs and LANs. The WiMAX technology is often called the technology for the 
Last Mile Access. The maximum theoretical data transmission rates for WiMAX are 
75 Mbps with this number decreasing with increase in distance from the base 
station [108]. 
3.3.4 Wireless Local Area Network 
Wireless Local Area Network (WLAN) is a wireless network that links one 
computer to other computers or devices using wireless. IEEE 802.11 is a set of 
general specification for WLAN, the most popular of which is Wi-Fi[109].Most 
modern WLANs are based on these general specifications, and the term Wi-Fi 
used in general English is a synonym for WLAN. Wi-Fi products which comply 
with Wi-Fi Alliance interoperability certification testing might use the Wi-Fi 
CERTIFIED trademark[110]. The transmission speed of WLAN has improved 
from 11 Mbps to 300 Mbps.Thus, Wi-Fi is fast enough to carry adequate data at 
a rate suitable for modern CM systems, which is a significant advantage. But its 
high cost and high power consumption has limited its use in CM.Nevertheless, 
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Wi-Fi generally is suitable for continuous CM measurement where a suitable 
power supply is available. 
3.4 Review of WSN for Condition Monitoring 
Attracted by the potential benefits and opportunities of WSN, many research 
works have been carried out for condition monitoring purposes and some 
industrial products have become available on the market. This section reviews 
work in the condition monitoring area. 
3.4.1 Review of research`s works 
Peng Guo and Nan Bai[113] used temperature trend analysis to monitor a 
gearbox`s operating conditions. The Auto-associative Kernel Regression 
(AAKR) method is used to model the normal behaviour of gearbox temperature 
and give temperature estimates. The method has the benefit of being 
computationally remarkably simple and shouldthus have immediate appeal to 
wind industry practitioners. 
When the gearbox has an incipient failure, the temperature residual between 
the AAKR model estimate and real measurement will become significant. With 
moving window residual statistics,these incipient failures can be detected in a 
timely way. With suitable choice of the parameters available to the user (widow 
size, vector parameter selection, thresholds etc.), the method should show 
useful for wind turbine condition monitoring more widely. 
Xin Xue in 2007, proposed[114] a CM system for induction motorswhich 
usedWSN for vibration level and temperature measurements.  The sensor 
nodes were from Crossbow Inc., that hostedan Atmel 128LCPU running the 
Tiny Operation System (TinyOS).The WSNs were placed on the stator and rotor 
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with the data is being transmitted to a base station that is located 300cm away. 
The base station is connected to a server computer through a serial port cable. 
A laptop can be used as a server computer as well. All the data collected is 
saved in the data base and the signals can be processed by using various 
signal processing techniques. The results obtained showed that data from wired 
sensors were more reliable more than data from wireless sensors. The 
presence of the magnetic field of the induction motor caused losses in the data 
transmitted by wireless communication between the sensor nodes and the base 
station. However, this work demonstrated that it was possible to collect data 
from sensors located in positions wired sensors could not reach. Note that the 
temperature sensor had a sampling rate set at 10 Hz whereas the acceleration 
sensor was set at 100 Hz. 
In 2013, Amir Shahidi, et al.[115] proposed a single, novel, sensor capable 
ofsimultaneously measuring the temperature and vibration signature of a 
bearing case using inductive coupling. 
These researchers measured the bearing temperature in the range from 20 0C 
to 90 0C for a Timken MMC9112K Deep Grove Ball Bearing at rotational speeds 
from 1280 rpm to 3250 rpm. The results showed that the single sensor was 
capable of remotely measuring both temperature and vibration of a bearing 
case using inductive coupling. The temperature sensor was able to measure the 
temperature of the bearing up to a maximum of 90 0C for different speeds. The 
sensor was shown to be able to detect such vibration frequencies as ball spin, 
and cage and outer race fault frequencies with high accuracy. 
In 2012, Gupta et al[116],used a RF temperature sensor for CM of mechanical 
face seals. The system was validated using a HFSS-ADS EM circuit co-
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simulation model. The results showed an excellent match between simulation 
and the measured values of the resonant frequencies at room temperature. In 
addition, the measurement trend followed an energy equation with respect to 
temperature from25-80◦C with temperature uncertainty of less ±5%. 
In 2013, G. Feng et al[117].Investigated commonly used wireless protocols and 
their applications to CM. it was confirmed that IEEE802.15.4 is most suitable for 
establishing wireless CM systems because of its low power consumption, low 
cost and its capability of setting up large-scale network.In additional, the result 
showed that the result showed that the amount of data communication the 
wireless network can be reduced by 95% and it support the performance to 
monitor the simulated bearing faults. 
In 2014, Ricardo et al., [118] they compared different thermal insulating 
materials that can be used to avoid exceeding the maximum operational 
condition in wireless temperature measurement system, called “eBiscuit” that 
due to its size, format and location in the metal rack conveyor belt in the oven, 
is able to measure the temperature a real biscuit experience while baking. Data 
acquired by the “eBiscuit” is transmitted using ZigBee technology to a base 
station where information is stored and processed. The experimental results 
with real tunnel ovens confirm its good performance, which allows detecting 
production anomalies early on. 
In 2013, Di Peng and Shengpeng Wan [119] proposed a design of remote 
wireless temperature monitoring systems, places multiple nodes in different 
area. Based on ZigBee technology, a remote wireless networking temperature 
monitoring of a lot of equipment scattered in different locations of factories and 
companies. The system uses infrared temperature sensor TS118-3 assembly 
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temperature information. Each node collected measured the temperature of the 
object information. Then it transfer data to the coordinator node via wireless 
multi-hop routing. The receiving node uploads the data to a computer by 
RS232.PC software displays real-time temperature information. 
Dasheng Lee [120] developed a wireless and powerless sensor node integrated 
with a MEMS accelerometer, a signal processor, a communication module, and 
a magnetic self-powered generator for application of an easily mounted network 
sensor for monitoring motors.By using induction power that is generated by the 
motor’s shaft rotation, the sensor node is self-sustaining; therefore, no power 
line is required.The test results show that, the novel sensing node developed in 
this study can effectively enhance the reliability of the motor monitoring system 
and it is expected to be a valuable technology, which will be available to the 
plant for implementation in a reliable motor management program. 
3.5 Wireless Protocols 
Because of the different applications and area requirementsprotocols for 
wireless communication in the WSN have been developed and used which 
include Bluetooth, Wi-Fi, 6LoWPAN and ZigBee. Protocols have also been 
developed for special requirements in industries such as ISA100.11a and 
WirelessHART. 
3.5.1 Wi-Fi 
Wi-Fi is by definition a technology for wireless local area networks (WLANs) 
which describes network components based on the IEEE 802.11 Sanders 
adopted by the Wi-Fi Alliance[108]. Wi-Fi also is a wireless network technology 
that allows computers and other devices to communicate using a wireless 
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signalconnectingcomputers together and usually has a restricted signal range; 
indoor rang is  approximately 40 meters. 
2.4/5 GHz is the frequency band in which Wi-Fi operates. This frequency band 
is one of the ISM (industrial scientific and medical) frequency bands that is 
license-free, meaning that additional traffic fees is not incurred. For data 
transmission to occur, the theoretical data speed rate ranges from various Mbps 
in IEEE802.11b to around 600 Mbps in IEEE 802.11n. It should be noted that 
this data rate can be significantly affected by the number of users that coexists 
on the network and the strength of the signal. An additional, an advantage of 
Wi-Fi is fast data transmission speed and its use has been explored for remote 
monitoring systems[121]. However, there is an important issue; long latency 
and the consumption of power mean that the Wi-Fi is not a good applicant for 
WSN applications that are battery powered. Moreover, because of wide 
commercial availability of Wi-Fi, one significant concern is its security during 
industrial applications.   
Recently, Wi-Fi Halow, which is a new Wi-Fi solution for low power, has been 
introduced based on the IEEE802.11ah specification by the Wi-Fi Alliance in 
satisfying the necessary requirements for applications in IOT [121]. 
3.5.2 Bluetooth Low Energy 
Bluetooth Low Energy (BLE), is a wireless personal area network technology 
designed and market by the Bluetooth Special Interest Group (SIG) aimed in 
novel applications in the security, healthcare, fitness and industrial area [122]. 
The Bluetooth Special Interest Group (SIG) introduced the Bluetooth Low 
Energy BLE to attract application developers of emerging IOT. BLE was first 
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specified in Bluetooth 4.0 [123]and further enhanced in Bluetooth 4.1[124] and 
4.2[125]. 
designed at novel applications in the healthcare, security, fitness  and  industry 
area 
 
Nevertheless, for Bluetooth to be suitable for many of IOT applications, it must 
decrease the power consumption[126], so that it can be employed in battery –
power devices for a longer period.  In fact, as mentioned above, IOT devices 
have to be connected, but power consumption is usually a real concern. The 
consumption of power for BLE is lower when compared to Wi-Fi, making it very 
suitable for wireless applications that are battery powered [127]. In addition, in 
contrast with the previous Bluetooth, BLE has been designed as a low power 
solution for control and monitoring applications[128]. BLE also is technology-
addressing device with an ultralow power and very low capacity battery. It also 
allows for a maximum data rate over a 50m distance of up to Mbps in the 
frequency band of 2.4 GHz.The advent of BLE has occurred while other low-
power wireless solution such asZigBee, 6LoWPAN and Z-Wave have been 
steadily gaining momentum in application areas that require multi-networking 
[129],[130]. 
BLE is application that requires the periodic or episodic small amounts of data 
transmission. The maximum consumption of power is around 15 mA with an 
average powerconsumption only at about 1 µA. This can be achieved by 
making the time of transmission only a few ms (mili-second)[131] 
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3.5.3 ZigBee 
ZigBee is a standard protocol for high level, low power devices targeted at 
building and home automation, industrial control and monitoring, embedded 
sensing and energy automation system based on IEEE 802.15.4.Zigbee is less 
expensive and simpler than other presently available WPANs such as Bluetooth 
or Wi-Fi. The main features of ZigBee are low data rate, network flexibility, very 
low power consumption and support for various different topologies, which 
make it suitable for WSNs[132]. However, it is claimed that ZigBee cannot 
meet, for some industrial applications, all their requirements, e.g., it cannot be 
used to serve within a specified time cycle, a high number of nodes[133]. 
3.5.4 6LoWPAN 
6LoWPAN is a simple low cost communication network that allows wireless 
connectivity in applications with limited power. From industrial point of view, the 
6LoWPAN benefits are their ability to directly communicate with other IP 
devices through an IP network (e.g., Ethernet, Internet) or locally. In addition, it 
can utilise existing system security and architecture, establish application level 
data models, management tools for service network etc. [134, 135]. 
3.6 Key Findings 
This chapter reports on the several of wireless protocols found that meet the 
requirements of different CM applications. It has also been reported that each of 
the technology has both disadvantages and advantages as all the technology 
can be used for asset Management applications, as no single technology will 
meet, at this time, all requirements. In particular, the power consumption for 
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wireless protocols is successfully and  rapidly developing with the emerging 
IOT. 
Protocols such as ZigBee, BLE and Wi-Fi increasingly provide good commercial 
support and are available at cost effective price.All can be utilised for CM where 
cost is a concern, as strict data reliability is not required. 
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Chapter 4. Modelling of 
Thermoelectric Generator 
 
The purpose of this chapter is to provide background information regarding the 
theory development of the TE module.  A fundamental theory understanding of 
a thermoelectric generator (TEG) will then be developed.  
This analysis is based on previous work by Prijic et al., (2015)on voltage 
generation in a TEG module. In addition, this chapter presents the results of an 
investigation of the TE generator parameters. 
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4.1 Introduction 
A thermoelectric generator (TEG) is a solid-state device with no moving parts 
based on a Peltier module capable of converting heat energy directly into 
electrical energy.  Increasingly, the TEG is being used, especially in the 
electronics industry, to solve problems such asreducing energy costs and to 
resolve environmental issues[138].In Chapter 2 is mentioned, the power derived 
from the device is highly dependent on the siting of the device, the TEG design 
and the local environment[139]. Generally, the local conditions can be identified 
using appropriate environmental sensors, or from previous environmental 
surveys, and the details and parameters of the TEG can be found on the 
manufacturer’s own datasheets. 
Modelling EHmathematicallyis a way considered to be efficient in analysing 
 and characterise the power output ofthe energy generation of the EH 
device[140]. Mathematical modelling together with computer simulation can be 
used to effectively enhance the understanding, and evaluation of the 
performance, of a TEG.The various parameters and physical properties that 
affect the performance of the TEG also have to be evaluated to predict its likely 
best performance. This optimisation of operating parameters can be achieved 
using hand calculations [93]. In addition, if the TEG contains a hugeamountof 
thermocouples, a low cross-sectional area value foreach element and low 
internal thermal conductance valuewill be needed in maintaining the 
temperature difference, ∆T,between the hot and cold junctions, and achieve a 
higher open circuit voltage𝑉𝐺 across the junctions. 
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4.2 Background of Model TEG 
As stated in Chapter 2, the development of new thermoelectric TE materials has 
led more and more researchers to focus their attention on the design of TEGs to 
harvest the thermal energy available from temperature gradients in local 
environments[141].Thermoelectric modules are specialized so that every 
manufacturer offers a family of such modules suitable for each kind of 
application.  
Each manufacturer tests and calibrates their TEGs, and provides performance 
curves and limit values [142]: max max max, ,T I V and max ,Q are respectively the 
maximum temperature difference that can be sustained between the cold and 
hot ceramic plates, maxI is the current at the input produced at maxT  across the 
TEG module, maxV  is the DC voltage produced at maxT , maxQ , is the maximum 
amount of heatdissipated at the cold side. Note that maxQ , is not that maximum 
possible amount of heat that can be handled by the TEG, rather the heat flow 
corresponding to the current maxI . 
To obtain the highest performance from the TEG it is necessary to optimize the 
operating parameters. This is done using simple calculations, then simulating 
the overall cooling systemusing commercially available CFD software. To do 
this, it is important to know the basic physical properties for the TEG material. 
However, most manufacturers do not provide this information in their datasheet 
and thermal designers often find it difficult to obtain the relevant  physical 
properties [108, 121]. 
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Therefore, the fundamental physical properties 𝛼, 𝜌 and K of the TEG materials 
are often calculated using the information ( max max max, ,T I V  and maxQ ) available in 
the datasheets. 
4.3 The TEG Module Constructing 
To develop a TEG module, the TEG structure must be known. Figure 4-1shows 
structure of a TEG module used to harvestthe thermal energy flow due to a 
temperature difference directly to electrical power. Generally, the TEG module 
is built with several pairs of N-type and P-type legs of semiconductor legs, 
connected in series and joined by metal interconnects (generally Cu). These 
legs are soldered in parallel, sandwiched between ceramic plates, see Figure 4-
2. The flow of thermal energy will be conducted to the module hot side from the 
heat source, through the module and will be dissipated from the cold side into 
the ambient air. 
The many thermocouple “legs” that form the core of the TEG module can be 
modelled as a single P-N type semiconductor couple, see Figure 4-2, whose 
size is that of a single couple multiplied by the number of couples (N) within the 
module.By analysing each parameter design function, the TEG system model is 
then divided into heat exchanger and a TEG part. 
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Figure 4-1Schematic of Thermoelectric Element[143] 
 
Figure 4-2 3D Structure of Thermoelectric Generator[144] 
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4.4 Basic TEG Equations 
The analysis starts with one-dimensional thermal equations of the TEG which 
are available in the literature see[78, 108, 121, 142, 145]. It is noted that the 
temperature willaffect the thermoelectric properties of theTEG. 
The following equations (4-1/2/3) for TEG are available in the literature[146]:  
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Where, N is number of couples in the TEG, is the Seebeck coefficient [V/K], 𝐼 
the electrical current generated [A],𝑇𝐶 is the temperature at the cold side [K] ,   
[Ω𝑚]is the electrical resistivity of the TEG,G [ m] a geometrical factor, the ratio 
of the cross-sectional area/length of each thermoelectric element, and 𝐾 [Wm-1 
K-1] is the thermal conductivity of the TEG, and ∆𝑇 is the temperature different 
∆𝑇 = (𝑇ℎ − 𝑇𝐶) as seen in table 4-1. And 𝑍 is the figure of merit[121]: 
Table 4-1 Specification of TE generator 
Parameter [CP85438-12708] Value Unit 
Max. temperature difference ΔTm(hot-to-cold 
side) 
68 K̊ 
Max. Current 8.4 A 
Max. Voltage 15.4 V 
Dimensions 40×40×3.8 Mm 
Resistance RTEG 1.5 Ω 
Max. operation temperature 138 °C 
Ceramic (alumina )plate thicknessℎ𝐶𝐸𝑅  2×0.8 mm 
Thermocouple leg dimension(1×w×h) 1×0.7×2.2 mm 
Number of Thermocouple 127  
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The thermal balance equations for the TEG can be transformed in terms of the 
module parameters 𝑆𝑀, 𝑅𝑀 𝑎𝑛𝑑 𝐾𝑀given by [78]: 
2
M
N
R
G

=    (4-4) 
2MK NkG=    (4-5) 
2MS Ns=    (4-6) 
Where, 𝑅𝑀, 𝐾𝑀  and 𝑆𝑀 are devices electric resistance, devices thermal 
conductance and device Seebeck Voltage respectively. Using Eqs (4-4) - (4-6), 
we can rewrite Eqs (4-1) – (4-3) as follows:  
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Using the relations (4-7), (4-8) and (4-9) the characteristic parameters of the 
TEG can be derived as follows: 
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max max maxM MV S T I R=  +    (4-14) 
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The module parameters 𝑆𝑀, 𝑅𝑀 and 𝐾𝑀 are obtainable from TEG specification 
parameters such as 𝐼𝑚𝑎𝑥 ,  ∆𝑇𝑚𝑎𝑥 , 𝑄𝑚𝑎𝑥, 𝑇ℎ  and 𝑉𝑚𝑎𝑥  which are given on 
manufacturer’s datasheets, andcan now be used to calculate the parameters of 
the proposed model in table 4-2[121, 147]: 
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Table 4-2 Characteristic TEG parameters 
Parameter Value Units 
Z 0.002526 1/K 
𝑆𝑀 0.05133 V/K 
𝐾𝑀 0.7355 W/K   
𝑅𝑀 1.4177 Ω 
4.5 Development of the Theory 
The TEG is made of two different semi-conductors materials, sandwiched in-
between ceramic plates. They are the cold and hot sides of the generator which 
the outer faces of ceramic plates. Certain phenomena which occur in TEG 
modules, should be determined before constructing the module. One essential 
characteristic underpinning the TEG module is the Seebeck effect, which occurs 
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when two dissimilar junctions materials are, at different temperatures, held 
together,with voltage being generated between both junctions, see Figure 4-1. 
Because of the temperature difference ∆𝑇across the TEG between thecold side 
𝑇𝐶and the hot side𝑇ℎ,a voltage is generated, the open circuit voltage 𝑉𝐺is given 
by[148]: 
TNV abG =      (4-20) 
Where the number of thermocouples is denoted by 𝑁  and 𝛼𝑎𝑏  is the 
thermocouple materials coefficient of Seebeck. The coefficient 𝛽 is determined 
by the TEG thermal conductance, and is controlled largely by the thermal 
conductivity of the ceramic plates 𝐾𝐶𝐸𝑅. 
The coefficient  𝛽has been calculated as[149]:  
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Where, 𝐴𝑇𝐸𝐺 is the TEG area, and 𝜆𝐶𝐸𝑅  is the ceramic plates thermal 
conductivity, and ℎ𝐶𝐸𝑅 is the thickness of the ceramic plates. 
CjhjTEG TTT −= , i.e., the effective difference in temperature across the TEG 
junctions. The cold junction hjT , is given by [149]: 
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The TEG internal thermal conductance 𝐾𝑇𝐸𝐺has been given in[93]: 
2 2TEG
A
K N N G
h
 = =    (4-24) 
Where, 𝜆𝐶𝑂𝑃 is the thermocouple material thermal conductivity, 𝐴 and ℎ are the 
cross-sectional area and height of a single thermocouple (equal to the thickness 
of the TEG) respectively. A geometric factor, G is defined as  𝐺 =
𝐴
ℎ
, and the 
TEGs internal electric resistance,𝑅𝑇𝐸𝐺 ,  is given by: 
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Where, 𝜌 is the thermocouple material electrical resistivity. 
If a resistive load𝑅𝐿is connected to the terminals of the TEG to enable the flow 
of current 𝐼𝐿, the voltage across it is[93]: 
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The output power, 𝑃𝐿 delivered by a signal from the thermocouple to the 
load,𝑅𝐿by the TEG is: 
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Maximum power is delivery by the TEG under the condition of impedance 
matching,for a DC voltage this occurs when the external resistance is equal to 
load resistance. That is, RL = RIN: 
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Table 4-3 TEG Parameters 
Parameter Value Units 
Z 2.52×10-3 1/K 
𝑆𝑇𝐸𝐺 0.05133 V/K 
𝐾𝑇𝐸𝐺 6.325×10
-1 W/K   
𝑅𝑇𝐸𝐺 1.5 Ω 
𝛼𝑎𝑏 200×10
-6 V/K 
𝜌 5.6×10-3 Ω .m 
𝐾𝐶𝐸𝑅 20 W/ (m. K) 
𝜆𝐶𝑂𝑃 1.5 W/K. m 
𝐺 1.685 mm 
𝐴𝑇𝐸𝐺 278 mm
2 
𝑃𝐹 2.2  
The power factorseen in table 4-3, i.e. the maximum output power value for ∆T 
= 2.2, (difference in unit temperature), and ATEG = 1 (unit faceTEGarea), is 
given by:  
2 2 2 2 2
max
2
.
4 8
L ab ab
TEG TEG TEG TEG
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T A R A A
   

= = =

      (4-29) 
The internal thermal conductance and power factor are significantin evaluating 
the performance of TEG for EH implementation. The higher the power 
factorsvalue, the better power-generatedtransfer. A lower internal thermal 
conductance value is important to maintain the difference in temperature ∆T 
and achieve highervalues of output voltage. 
Figure 4-2, showsrepresents open circuit voltage for the TEG calculated from 
Equation (4-13). According to the figure, the voltage VG obtained from a 
temperature difference 6.8 C◦ is 170 mV.  
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Figure 4-3Open circuit voltage calculated from Equation (4-13). 
4.6 Summary 
In this chapter, a computational design of a TEG module has been developed. 
Starting, from values of internal parameters of a commercial thermoelectric 
module given on the manufactures’ datasheet, initial estimates of relevant 
values of the elements of a thermal module were made. 
After these parameters were obtained, the thermoelectric of the TEG was 
evaluated as power generator.The model developed has been shown to have a 
predictive value: the open circuit voltage has been calculated for the module at 
a given temperature difference, 6.8 0C as the result confirmed that using such 
thermoelectric devices can be a possible tool for power generationin supplying 
circuits with low power. 
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Chapter 5. Finite Element Analysis of 
Design of Thermal Module 
 
In this chapter, SolidWorks Premium, a commercially available software 
package was used to design a Peltier thermoelectric generator module. 
SolidWorks Premium has the capability of carrying out a Finite Element 
Analysis and Simulation and this was used to predict product performance.  
The model, heat source, boundary conditions are introduced and described, as 
is the mesh structure used in the Finite Element Analysis. The chapter 
concludes with a presentation of results obtained of model predictions. 
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5.1 Introduction 
This chapter will describe the creation of a model of a TEG in sufficient detail, 
including all its essential structural elements to perform a detailed Finite 
Element (FE) simulation. The simulation of transient thermal behaviour was 
undertaken using SolidWorks software, selected due its ability to execute the 
most commonly needed FE analyses and construct complex geometrical 
shapes. The simulation results are described in this chapter. 
5.2 Bench Mark Simulation 
A benchmark simulation was completed to validate the reliable application of 
the thermal parameters as described in Section (4.5), and confirm the accuracy 
of the thermal software simulation compared to calculationcompared to the 
hand calculations carried out in Chapter 4. 
5.3 Simulation of the Thermal Design 
The SolidWorks software provides both the capacity to construct a 3-D model, 
with the necessary thermal features, and simulate the likely thermal behaviour. 
To determine the optimum thermal parameters and simulation methodology it is 
necessary to have accurate thermal characteristic for the TEG module.  
The software requires the temperature of an object for two sets of calculations: 
First isthe surface heat flow which isthe heat input to the surface of the object. 
Second isthe thermal energy flow through the TEG. This will determine the 
temperature distribution across the module;generate electrical energy, 
depending on boundary conditions. 
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A thermal model of dimensions (131 mm * 63 mm * 50mm) about size (see 
Chapter 6) was generated and assembled in the SolidWorks software and a 
thermal transient simulated, based on a given temperature difference and the 
material properties of the structure, as given inTable 5-1[150]. The initial design 
temperature for the system was set to 250C, setting also the transient analysis 
duration to one hour, matching the experimental time as will be seen in Chapter 
7. 
Table 5-1 Specifications of material properties and boundary conditions as 
provided by manufacture[150] 
Property TEG 
(Peltier) 
Heat sink Aluminium 
 
Thermal 
insulation 
Density (Kg/m3) 7530 2700 2700 1880 
Specific heat (J/Kg.°C 544 900 960 700 
Thermal conductivity 
(W/m.K) 
20 30 120 2.5 
Mass (g) 21 364 49 8 
5.4 Model Geometry 
Figure 5-1shows a 3D geometrical diagram of the TEG. All dimensions are in 
millimetres and the material type is solid deformable as shown inFigure 5-2. In 
this research a simple low-cost design will be shown to produce, in aconvenient 
way, a small voltage from the heat energy dissipated by a gearbox.  
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Figure 5-1 Structure of the thermal design 
 
Figure 5-2 Structural Dimensions 
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In the following sections each element in the structure, as shown in Figure 5-1, 
is described and its function explained. 
5.4.1 Peliter 
The choice of the thermoelectric generating mechanism in the successful 
design of a TE generator is of utmost importance. Here a Peltier TEG was 
chosen. See Chapter 2, the Peltier effect and Seebeck effect, and how they are 
used in TE generators.A commercially available Peltier TEG module from Digi-
Key, code number CP85438[150]., specifications in Table 5-2[49], was chosen 
as the TE module due to its low cost, small size and acceptable power factors 
and thermal conductance values.  
A TE module, shown in Figure 5-3, is comprises generally of TE elements in 
their hundreds, formed by electrically connecting in series, N-type and P-type 
semiconductors and thermally sandwiched parallel between ceramic plates, 
having role of the coldand hot sides of generator. The most common 
thermoelectric material, from which the thermoelectric couples are, is made of 
from Bismuth Telluride (𝐵𝑖2𝑇𝑒3). Bismuth Telluride (𝐵𝑖2𝑇𝑒3) is a grey powder that 
is a compound of two metallic elements (Bismuth and Telluride) and its alloys 
are widely used as materials for thermoelectric generator.  
Table 5-2 Specification of TEG 
Digi-Key Peltier TEG [CP85438-12708] Value Unit 
Max. temperature difference ΔTm(hot-to-
cold side) at 𝑇ℎ = 27 °C 
68 K̊ 
Max. Current 8.4 A 
Max. Voltage 15.4 V 
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Dimensions 40×40×3.8 Mm 
Resistance 𝑅𝑇𝐸𝐺  1.5 Ω 
Max. operating temperature 138 °C 
Ceramic (alumina )plate thicknessℎ𝑎  2×0.8 mm 
Thermocouple leg dimension(length x 
width x height) 
1×0.7×2.2 mm 
Number of Thermocouples 127  
 
 
Figure 5-3 Peltier TEG 
5.4.2 Heat Sink 
The heat sink plays an important role in thermal EH, acting to maintain a 
temperature difference by efficiently transferring heat from the cold side of the 
thermoelectric generator module efficiently to the surrounding environment. 
Here,a medium size black aluminium heat sinkwhich type (SK 100/100)of 
thermal resistance of 1.5 °C /W,was used, seeFigure 5-4[151]. 
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Figure 5-4Aluminium Heat sink (SK 100/100) 
5.4.3 Thermal Insulation and Conductance  
A layer of thermal insulation is employed to maintain the temperature difference 
between the hot and cold sides, and the low thermal conductance of the 
material reduces unwanted heat loss and improves the heat transfer efficiency 
between the heat source and the heat sink. The thermal insulation had 
thickness of 6mm and thermal conductivity 0.22 W/m-K.  The detailed shape of 
the insulation is shown in Figure 5-5. 
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Figure 5-5 Thermal insulation material geometry 
5.4.4 Insulation Material (Bond-Ply 100mm x100mm) 
Two pieces of Insulation material have been chosen, which is called Bond-ply 
100mm x100mm, made is fiberglass, and 1.0 mm thick as shown in Figure 5-6. 
The heat sink transfer pad was double sided adhesive with thermal conductivity 
(2.5 W/m-K) and used to maintain the temperature difference between hot and 
cold sides of TEG. 
 
Figure 5-6 Insulation material (Bond-Ply) 
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5.4.5 Aluminium 
Two small sheets of aluminium were used, one 1 mm thick as a heat dissipator 
on the cold side(Figure 5-7, and the other as a collector on the hot side (Figure 
5-8Aluminium is well suited for these tasks due to its large thermal conductivity, 
120 W/mK. 
 
Figure 5-7 Aluminium for cold side 
 
Figure 5-8 Aluminium for hot side 
5.5 Model Boundary Conditions 
The accuracy of the simulation depends on determining accurate, theinitial and 
boundary conditions, the characteristics of the thermal design and the thermal 
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properties of the materials used. The initial condition analysis will include factors 
such as the ambient temperature, thermal parameters, heat source temperature 
and the initial temperature for the different materials.  
5.5.1 Heat Source 
Thesimulated thermal design used a heat sources 45◦C, this is the temperature 
of the gearbox while ambient temperatureis 24°C,based on the speed were set 
to 100% and 70% load, whichwas using this temperature as heat sourcesthat it 
will discuss about experimental works in Chapter 7. 
5.5.2 Calculations of Convective Heat Transfer Coefficient. 
The convective heat transfer coefficient ( ℎ  W/m2.°C) is very important in 
ensuring results of the software simulations are accurate. Convection method of 
heat transfer can be categorized into two types: The free convection type 
occurwhen energy transfer from a hot surface to the surrounding fluid medium 
takes place when the movement of the fluid is due only to temperature/density 
differences within the fluid. An example of this is ambient air circulating around a 
stationary fluid pipe containing hot fluid in a closed room. The forced convection 
type occurwhen flow is caused by external means such as fans. Convection energy 
loss is usually modelled using the  cooling law by Newton[152]. 
𝑄 = ℎ𝐴(𝑇𝑠𝑢𝑓 − 𝑇𝑎𝑖𝑟) (5-1) 
Where Q signifies the heat power rate in Watts, h is the coefficient of convective 
heat transfer (W/(m2.k)), Tsurf is the surface temperature (℃), Tair is the ambient 
temperature(℃)as seen in equation (5-1)[146]. 
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Touseconvection associated equations, some parameters such as temperatures 
and ambient, mess, specific heat and area of the TEG module should be 
obtained[145, 150, 151, 153-156]. 
On the other hand, since the other machine parts are stationary,6 W/m2.℃ for the 
natural convective coefficient have been applied based on experimental work that 
have carried out previous[157, 158]. 
5.6 The Mesh Structure of the Thermal Design Model 
There are two meshing options embedded in this software package. They are 
thecurvature mesh and the standard mesh. Curvature mesh has been chosen 
for this research as they suit better for complex CAD module as it optimises 
automatically, the mesh density, within a specific limit based on the structure 
shape. The mesh sensitivity analysis was performed for the thermoelectric 
power generation system to check mesh independency. 
 
Figure 5-9Cross Section of thermal design Mesh Structure 
5.7 Result and Discussion 
Figure 5-10shows the simulated temperature distribution throughout the TEG 
with heat source temperature of 45 °C while ambient temperature is 24°C. The 
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predicted temperature difference, ∆T, was obtained from the simulated hot and 
cold sides temperatures of the TEG. 
 
Figure 5-10Thermal temperature distribution simulation for the thermal design 
with 45 ◦Cheat source 
Figure 5-11shows result of simulated temperature difference ∆𝑇 between hot 
side and cold side of the TEG module was ◦C of 6.3◦C after one hour, for the 
heat source 45 and ambient temperature is 24°C. This temperature differenceof 
6.3◦C produced 160mV open circuit voltage as shown inFigure 5-12. From the 
figure, It can see that the temperature difference across the TEG after 1000 
(sec) between the hot and cold sides was still increase slightly. Meanly,because 
the temperature difference produced when there is different of temperature 
between the cold and hot sides of the TEGwhich was started after 1000 (sec). 
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Figure 5-11Simulatedtemperature difference between hot and cold sides for 
heat source of 45 ◦C and ambient temperature 24◦C 
After obtained the result of simulated temperature difference using the following 
equation to calculate the voltagegenerated by the TEG module, see figure (5-
12) 
𝑉𝐺 = 𝑁 𝛽 𝛼𝑎𝑏 ∆𝑇   (5-2) 
𝑉𝐺      Open circuit voltage 
𝑁       Number of thermocouples  
𝛼𝑎𝑏  Seebeck coefficient  
𝛽       Coefficient  
∆𝑇     Temperature difference between TEG’s hot 𝑇ℎ and cold sides 𝑇𝐶 
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Figure 5-12Simulation results of TEG open cuircit voltage of temperature 
difference in the rang 0 to 6.3C 
5.8 Summary 
The purpose of this chapter was to develop a Finite Element Model to analyse 
and simulate the thermal behaviour of the TEG. This was done successfully 
using proprietary software after having determined such necessary parameters 
as: material properties, boundary conditions, mesh and loads.It will be shown in 
Chapter 7 that the results of simulated the temperature difference with the TEG 
are correlated closely with the theoretical calculations. A discussion will be 
presented at that point. 
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Chapter 6. Design and Implementation 
of Thermal Energy Harvesting 
System 
 
In this chapter, a design for thermal energy harvesting system suitable for a 
WSN is proposed and built. To optimise the design for thermal energy 
harvesting, three different specifications of heat sinks were tested.  
The proposed system is shown to be readily useable for thermal energy 
harvesting which is a simple and low cost design. 
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6.1 Introduction 
Generally, EH systems have three parts: a load, a source of energy and an 
harvesting design. The source of energy, which is an ambient energy source to 
be harvested, will largely determine the design of the harvesting system and the 
technique used to harvest the input ambient energy and convert it to electrical 
power. The load is the WSN and this consumes the electrical power provided. 
Each part has its own characteristics, so only when these features to interact 
correctly with each other can the design of the energy harvesting system be 
optimised. 
One of the most difficult aspects of designing an EH system is determining the 
structure of the system. As stated Chapter 2, many different EH systems have 
been designed, and it is difficult to say that any one system has the best 
performance. Hence, different EH designs exist for different systems intended 
for different purposes. In addition, the energy sources existing at the different 
places vary with time, and the sensor nodes on the same network may have 
different EH sources. Thus, stability and flexibility are considered as essential 
features of EH design that is successful. In designing an energy harvesting 
system this is highly efficient, many different design parameters and factors 
includingthe system size and cost, energy efficiency and the systems life span, 
must be considered.  
6.2 Experimental Setup to Evaluate Heat Sinks 
In evaluating the thermal EH system performance, a test platform was 
constructed. In this work, three different sizes of commercially available heat 
sinks with different specifications (Fischer Electronic SK 100/50 SA, SK 100/100 
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SA and SK 47/150 SA) were tested in the laboratoryto characterize the 
performance of each, with the open circuit voltages recorded. In addition, their 
efficiency was evaluated over a range of temperature differences;30 °C to 80 °C 
were used. More information about Heat sinks, see section 6.3.3. 
6.3 System Design and Implementation 
DAQ
PCI-6211
Ta
Tc
Th
PC
Control signal
Vo
Relay
TEG
Hot plate
Conditioner
 
Figure 6-1Schematic of experimental setup 
Figure 6-1shows the general thermal EH system architecture used to evaluate 
the different sizes of heat sinks. The experimental setup consists of four main 
parts: the thermal generator module, the heat source, the thermocouples (which 
use the Seebeck effect to generate an electrical voltage from a temperature 
difference) and the data acquisition (DAQ) system. The parameters measured, 
were the hot side temperature, cold side temperature, ambient temperature, 
open circuit voltage and current over a 1 Ω resistor of TEG. The maximum of 
output voltage of the conversion from the TEG system is maintained about 
300mV. 
6.3.1 Thermal Energy Harvesting Design 
The thermal efficiency is an important factor for any thermal EH design; a high 
efficient TEG is the basic requirement for a successful EH system. However, 
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the high performance efficiency of the thermoelectric generator is dependent of 
the performance efficiency of the TE module and the thermal energy passing 
through the module. 
The temperature difference across the module, and heat flow through it, are 
important factor in determining the efficiency of the full EH system. Hence, 
maintaining a large temperature difference across the TE module with efficient 
heat dissipation on the cold side are essential requirements. A good thermal 
conductor, such as a metal is considered as most suitable for the heat sink and 
good heat dissipation. 
The thermal EH system was built, as illustrated in Figure 6-2,and consisted of: 
the TEG (Peltier TEG module from Digi-Key, code number CP85438) 
sandwiched between two pieces of thin aluminium with thickness 1.0 mm,one 
piece to work as a heat collector on the hot side and the other to act as a heat 
spreader on the cold side, see Figure 5-7 and Figure 5-8. A layer of thermal 
insulation materialwas double sided adhesive with thermal conductivity (0.22 
W/m-K) and with thickness 1.0 mm, was shaped to fit around the TEG module 
and separate the aluminium plates, see Figure 5-6, to maintain the temperature 
difference between the hot and cold sides. Additional thermal insulation was 
placed around the TEG module see Figure 5-5, to better isolate the heat source 
from the heat sink because the heat source is physically close to the heat sink. 
The heat sink plays an important role in the thermal energy harvester and is 
used to maintain a temperature difference between the hot and cold sides by 
dissipating heat from the cold side of the TEG efficiently to the surrounding air. 
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Figure 6-2 shows the set up with a medium size heat sink with thermal 
resistance of 1.5 °C /W. 
 
Figure 6-2 Structure of the Thermal EHsystem 
Obviously, if the hot plate can be thermally isolated from the air surrounding the 
heat sink, more heat flow will pass through the module. The insulating material 
around the outside of the TEG is used to block this heat flow as shown in Figure 
6-2. 
6.3.2 Peltier 
A commercially available Peltier TEG module Digi-Key, code number 
CP85438[159]was chosen as the TEG module, see Figure 6-3 and 
specifications are given in Table 5-2. This TEG has 127 thermocouples and a 
heat transfer area of 278 mm2. There are many materials which can produce a 
useable voltage from the temperature differences likely to be found with this 
particular usage, WSN attached to the surface of a gearbox, the important 
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differences are cost, availability and efficiency. CP85438-12708 was chosen as 
the TEG module [160], becauseof its low cost, small size and acceptable values 
of thermal conductance and power factor. 
 
Figure 6-3 Peltier TEG module from Digi-Key, code number CP85438 
 
6.3.3 Heat Sink 
Three black anodised aluminium heat sinks of different sizes (Heat sink A, Heat 
sink B and Heat Sink C, see Table 6-1and Figure 6-4) have been tested to 
assess which is the most effective heat sink for heat dissipation on the cold 
side. In testing the efficiency of heat transfer, same TE module was attached to 
each of the three different size heat sinks with testing done in the same 
environment, a room with steady temperature 210C. A more efficient heat sink 
should dissipate a greater volume of heat from the TEG cold side. 
It would be expected that the thermal resistance of the heat sink would be a key 
parameter in determining its performance, the lower the thermal resistance the 
lower the temperature on the cold side. These Heat sink were chosen as the EH 
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thermal module due to their low cost, acceptable value of thermal resistance 
and reliable company.  
 
Figure 6-4 Picture of Heat sinks 
 
Table 6-1Heat sink specifications 
Model Height 
(mm) 
Length 
(mm) 
Width 
(mm) 
Thermal 
resistance 
Heat sink (A) SK 100/50  40 50 66 2.5 °C W 
Heat sink (B) SK 100/100  40 100 66 1.5 °C /W 
Heat sink (C) SK 47/150  40 150 200 0.5 °C /W 
 
6.3.4 Thermal Insulation Material 
Thermal insulation is employed to maintain the temperature difference between 
the hot and cold sides, to reduce the unwanted heat loss and improve the heat 
transfer efficiency. Parameters to be considered when choosing thermal 
insulation include density ρ ,  thermal conductivity λ ,  thermal resistance R, 
thickness of thermal insulation layer and temperature limits[121]. 
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Thermal resistance can be defined it is a heat property and a measurement of a 
temperature difference by which an object or material resists a heat flow. In 
addition, the thermal resistance of material is measure of its ability to resist the 
passage of heat. It is an effective way of comparing the performance of material 
of different types and thicknesses.  
Two types of thermal insulation material have been used in this the thermal EH 
design. First, using suitable material the gearbox can be thermally insulated 
from the surrounding air and the heat it generates is channelled through the 
TEG, to generate an increased voltage, see Figure 6-5. The heat is then 
dissipated from the aluminium heat sink 
 
Figure 6-5Thermal insulation material 
Second, the chosen insulation material is called Bond-Ply, made is fiberglass, 
seeFigure 5-6.There are plenty of cheap and common insulation materials 
available commercially. Selection of insulation material for the gearbox should 
be based on effectiveness, durability and its capacity to adapt to the shape of 
the gearbox. The chosen insulation material is Bond-Ply.Table 6-2shows Sever 
material properties of insulation materials. 
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Table 6-2 Material properties of insulation materials 
Insulating material Thermal 
conductivity 
(W/m K) 
Mass density  
(kg/m³) 
Thickness in 
mm 
cork 0.045-0.055 80-500 3.3 
wool 0.04 20-25 1.27 
cotton 0.04 20  
air, motionless 0.0025 1.2  
Bond-Ply 100 0.22 15-25  1.00 
6.4 Heat source 
A commercially available hot plate (IKA, RCT basic, see Figure 6-6) has been 
used as the heat source for easily control of the hot side temperature. The key 
features of the hot plate are listed inTable 6-3. The claimed accuracy of the 
temperature was ±1K[58]. (See section 6.7.2) 
 
Figure 6-6 the Hot plate IKA, RCT basic 
 
Table 6-3 the hot plate specification 
Max temperature (º C) 360 
Top plate material Aluminium 
Dimensions 6.5 in x 3.25 in x 10.75 in 
Power 230 V 
Weight [kg] 2.5 
Heat control accuracy [±K]  1 
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6.5 Voltage Booster Design 
The voltage output of the TEG module is usually very small, from several mW to 
a few hundreds of mW, depending on the temperature difference between hot 
side and cold side.  
The output voltage of the TE generator due to both its absolute level and the 
variation in level due to changes ambient and working conditions is not 
appropriate to directly charge or power the sensor node. Thus, a DC-DC boost 
converter is added as a power conversion circuit at the TEG output to boost the 
low input voltage from the TEG to a higher, more useful, output voltage. Such a 
device is an essential part of the design of efficient EH systems. 
Such a DC-DC converter should, of course, function over a wide input power 
and voltage range [161].Because of its high system efficiency, low cost and 
suitable size anintegrated DC-DC boost converter produced by Linear 
Technology LTC3108 (Ultra-low Voltage Step-Up Converter and Power 
Manager)[162][150, 159]was used as the circuit regulator for this research 
project. The schematic for boosting converter the DC-DC is shown in Figure 6-8. 
This DC-DC boost converter can boost an input voltage ranging from 20 mV to 
500 mV to an adjustable one from 2.35 V to 5 V.Figure 6-7 shows a transformer 
with turn ratio of 1:100 is used for accepting the voltage at the input, which can 
go as low as 20 mV. The output voltage is fixed at 3.3 V for directly powering 
the sensor node.  
In this project, a The backup capacitor with a capacity of 0.33 F was employed 
for storing extra energy harvested. It is used when there is no energy harvesting 
or if the output voltage of the TEG is insufficient enough for continuousoperation 
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of the node. It accumulates energy for a relatively long time and then provide 
power to the sensor node for short periods, during which signal is collected and 
transmitted to a central device (DAQ system). 
 
Figure 6-7The DC-DC boost converter Schematic diagram 
 
 
Figure 6-8Photo of DC-DC boost converter 
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6.6 The Buffering Effect of Capacitor 
The importance of high performance is that buffering effect plays an important 
role in determining the working life of the EH system. To ensure continuous 
system operation even when the external energy source is weak or temporarily 
insufficient, the energy to be used to power the WSN should be stored in either 
a rechargeable battery or a super-capacitor, which is, thus a very important 
component for the design of a system with a long lifetime. Because of its high 
charging/discharging efficiency and unlimited charge/ discharge period, the 
super-capacitor is usually used as the primary buffer and is directly charged 
from the EH system. 
6.7 Data Acquisition System and Experimental Procedure 
Data acquisition have been taken is the process of measuring a physical 
phenomenon such as voltage, current, temperature and/or pressure. Here a 
DAQ (National Instruments, Multifunction I/O device, PCI-6211) system was 
used, this consisted of sensors, measurement hardware, and a computer with 
programmable software, including the capacity to provide screenshots of 
relevant parameters. 
The monitored parameter include temperature on both cold and hot TEG 
module sides, The TEG module open circuit voltage and its current over a 1 Ω 
resistorwithaccuracy 1%. The open circuit voltage and current aremeasured 
alternatively, using a relay. The time interval for these measurements for 
collecting data is set as 6s for one hour experimental work. 
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6.7.1 Thermocouple Conditioner 
The thermocouple is a temperature sensor, which consists of two wires of 
dissimilar metals joined together at one end called the measurement (hot) 
junction [163]. 
They convert a temperature difference into electricity via the Seebeck effect. 
Here, type K thermocouples were used. Type K has one wire composed 
Chromel and the other wire is Alumel (95% Nickel, 2% Magnesium. 2% 
Aluminium). These thermocouples are the most common type in use, and are 
inexpensive. The measurements made here are well within the acceptable 
range which extends to from 0 0C to over 1000 0C with an accuracy of about 
±1.5 K.  
The thermocouple conditioner was made in our lab with operating temperature 
range of -55 to +125 and powered range between f +5 to 15 V specifications. 
The input to the thermocouple conditioner is the signal from the thermocouple 
and the output is a linearized voltage of 20 mV/0C.The output provides a 
measure of the temperatures of hot and cold sides and surrounding air as 
shown inFigure 6-9. 
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Figure 6-9Thermocouple conditioner 
6.7.2 Experimental Procedure 
For each test there were five channels to be viewed; hot side temperature, cold 
side temperature, ambient temperature and open circuit voltage and current. 
The procedure for the experiment was: 
➢ Place the TEGmodule on the hot plate, see Figure 6-11 
➢ The test is to take six measurements for each Heat sink. 
➢ Start the DAQ software and wait to the temperature to settle down and 
stabilise as shown inFigure 6-10. 
When the temperatures of the hot side and cold sidebecome stable,collect data 
every 6 seconds 
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Figure 6-10Screenshots measurements made by of DAQ software 
The test consisted of, firstly, turned on the hot plate and setting the temperature 
required using the temperature regulator. Leaving the hot plate for about 25 
minutes until the temperature became stable. The room temperature remained 
at about 210C. The TEG was then placed on top of the hot plate, as shown in 
Figure 6-11, and data collection commenced.Unfortunately, the hot plate also 
heats the surrounding air and by so doing, reduces effectively the performance 
of the heat sink. For this research, thermally insulating material was used to 
shield the body of the heat sink from the heat source. The temperature of the 
hot plate was set, sequentially, to 30, 40, 50, 60, 70 and 80°C. 
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Figure 6-11 Experimental step 
6.8 Results and Discussion 
Figure 6-12shows the measurements made for smallest of the heat sinks (A); 
hot side temperature (Th), cold side temperature (Tc) and ambient temperature 
(Ta), it also shows difference temperature (Th - Tc), open circuit voltage (VG) and 
current through the1 Ω resistor. 
It can be observed that that the values of Th, Tc and Ta are nearly constant; that 
ambient temperature is in the range 19-20.50C, that the temperature difference 
(Th - Tc) depended on the value of Th. It can be seen that for the plate 
temperatures of 30, 40, 50, 60, 70 and 80 0C the corresponding values of 
VGwere 30, 65, 100, 150, 190 and 220 mV. 
Figure 6-15 also shows that the current through a 1 Ω resistor for the plate 
temperature of 30, 40, 50, 60, 70, and 80 0C the corresponding values of 10, 
25, 40, 50, 75, and 80 mA. 
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Figure 6-12 Heat sink (A) 
Figure 6-13shows the measurements made for intermediate heat sink (B). The 
ambient, room, temperature was in the range 20-25 0C. The temperature 
difference (Th - Tc) is in the rang 2-22 °C with (Th - Tc) depending on the value 
of Th. 
It can be seen that for the plate temperatures of 30, 40, 50, 60, 70 and 80 0C 
the corresponding values of VG were 30, 60, 100, 160, 200 and 250 mV. From 
the figure, it can also see that the current can be reachabout 100 mA for 
temperature 80 0C. However, for the plate temperature of 30 can produced 5 
mA.  
Chapter Six                                        Design of the TEH System 
118 
Badradin Elforjani  PhD 2017 
 
 
Figure 6-13 Heat sink (B) 
Figure 6-14shows the measurements made for the largest of the three heat 
sinks (C). It can be seen that for the plate temperatures of 30, 40, 50, 60, 70 
and 80 0C the corresponding values of VG were 30, 80, 140, 190, 250 and 300 
mV. However, the temperature 30 °C produces voltage about 30mV. 
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Figure 6-14 Heat sink (C) 
Figure 6-15shows plots of the measured open circuit voltage as a function of 
the measured temperature difference across the TEG module. It can be seen 
that the open circuit voltage increases linearly with temperature difference for all 
three all heat sinks. Clearly heat sink (C) produces the largest voltage for a 
given temperature difference.  
Figure 6-15 also shows that the current through a 1 Ω resistor also increases 
linearly with temperature difference for all three heat sinks. Given that it 
produces the largest voltage we see heat sink (C) also produced the largest 
current for a given temperature difference, i.e. a current of about 100 mA for a 
temperature difference of 40 0C. 
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Figure 6-15 Measured open circuit voltage 
Figure 6-16shows the power output of the TEG for each of the three heat sinks. 
It can be observed that the power generated by the TEG module is greatest for 
the largest of the three sinks, because it is the most effective at dissipating heat 
and so produces a lower cold side temperature for a given heat side 
temperature. Heat sink C is the most effective. 
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Figure 6-16 Result comparison for the three Heat sinks 
6.9 Summary 
The heat transfer performances for the three variousheat sinks specifications 
were tested to determine which was the most effective at powering a Peltier 
TEG module. TEGs convert heat energy into electricity dependent on the 
temperature difference across them and it was found, as expected, that the heat 
sink which provided the greatest heat dissipation facilitated the greatest 
difference temperature across the TEG transfer and the largest open circuit 
voltage. 
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Chapter 7. The Optimisation of 
Thermal Energy System with 
Temperature Sensor for Monitoring 
a Gearbox 
 
Efficiency is an important factor in the design of energy harvesting systems. 
Other factors which constrain the design of such systems are the cost and size 
(both volume and mass).  
For this chapter, a thermal energy harvesting systemhas been designed in 
poweringthe wireless sensor node to monitor the temperature of a gearbox. The 
system design is based on the results presented in the previous chapter. This 
chapter describes improving the efficiency of the thermal energy harvesting 
system. The system being proposed enhances the efficiency of its energy as 
follow: Firstly, the designing of the Thermoelectric generator in order to 
increasing the efficiency of the energy conversion and secondly, developing an 
algorithm toeffectively manage the power in order to improve the efficiency of 
the energyconsumption. 
Then, the chapter describes the experimental work of using the thermal energy 
harvesting design developed to power the WSN to monitor the temperature of 
the gearbox. The chapter concludes with a presentation of results obtained and 
a comparison of model predictions and experimental results. 
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7.1 Introduction 
Thermal is another energy source which can be converted from our 
environment. Typically, sources of heat can be takenusing many different forms, 
such as industrial machines, the human body, sunlight and exhaust gases. 
Recent improvements in materials that are thermoelectric have renewed the 
interest in TE generators. 
The reason this thesis considers the development of a thermal EH system is to 
extend the work of those who have successfully applied thermal EH in other 
areas, to the condition monitoring of machines, in this case a Helical gearbox. 
7.2 Experimental Setup 
In order to evaluate its performance efficiency, the designed TEG system was 
tested in the laboratory on an industrial gearbox with a room temperature of 24 
◦C. The TEG was optimized to harvest the electrical power from the heat 
generated by the gearbox being monitored. The power generated was from the 
temperature gradient across the TEG obtained by sandwiching the TEG 
between two thin aluminium plates, placing one plate against the hot surface of 
the gearbox and attaching the second plate to a heat sink open to the 
surrounding air. The harvested power is then used to power a WSN to transmit 
the measured temperature to monitor the condition of the gearbox.  
7.2.1 Gearbox Test Rig 
The experimental test rig can be seen inFigure 7-1.The component parts 
consist of a 15 kW, prime driver (3 phase ACIM), 2 back-to-back two stage 
helical gearboxes in order to couple the AC motor together with a load 
generator by the use of spider rubber couplings that are flexible. The couplings 
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include a hard rubber with 150 mm diameter, three-jaw type with power 
transmission capabilities up to 100 kW at 1600 rpm. The transmission power is 
3 kW for each gearbox.GB1, which is the first gearbox, operates in reducing the 
speed while GB2 increases the speed. In this way, the system maintains speed 
quite sufficient enough at the DC in producingan adequate load on the AC 
motor. The specifications for the gearboxes, AC motor, couplings and DC motor 
are given in,Table 7-1. 
 
Figure 7-1 Test Rig 
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Table 7-1Specifications for the AC motor as provided by manufacturer 
 
7.2.2 Wireless Measurement System 
When designing the EH system, the sensor node characteristics are vitalas the 
power the system must provide is closely determined by the sensor node power 
consumption. Thus, an understanding of the behaviour and performance of the 
WSN is a necessary part of designing an efficient EH system. A Texas 
Instruments Sensor Tag CC2650K, sensor node was chosen as the target 
sensor node to be powered by thermal EH. 
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The WSN chosen should be small, inexpensive and energy efficient. The low 
cost and low power requirements requires that the sensor node must use a 
processor with low power consumption such as (BLE), a short transmission 
range and low power consumption sensor. Thus, the WSN is constrained in its 
computation and communication capabilities. Selecting an appropriate sensor 
meant balancing these requirements. 
There are many other factors, each of which plays an important role in selecting 
a sensor such as environmental conditions, design parameters and sensor 
parameters. 
7.2.2.1 Temperature Sensor  
As stated above, the temperature sensor node was an integrated  WSN, a 
Texas Instruments Sensor Tag CC2650STK, see Figure 7-2.The Sensor Tag 
was used due to its low power consumption, low cost, miniature design, low 
maintenance, and EH isincluded. 
 This compact sensor node integrates 10 low-power MEMS sensors and a two 
core BLE microcontroller CC2650 [164].Two temperature sensors are available 
on the node, one for measuring object temperature and the other for ambient 
temperature. Another benefit of this module is that its programs are open 
source, which meant it could be customized for data acquisition as could the 
intelligent signal processing algorithms embedded on it. 
The SensorTag is specially designed for low power consumption applications 
and it is claimed to offer years of battery life from a single lithium CR2302 coin 
battery currently costing about £1[164]. Here, the coin battery was not used; 
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instead the SensorTag was powered by the energy harvested from waste heat 
from the gearbox. 
 
Figure 7-2Texas Instruments SensorTag CC2650K 
The main features of the SensorTagare listed below: 
• Power supply range: 1.8 V to 3.8 V, 
• Operation temperature range: -40 to 125 ◦C, 
• Accuracy ±1 ◦C from 0 to 60 ◦C, 
• Mass 30 g 
• Ultra- low power 
• Converts temperature to 12-Bit, 
• BLE specification and IEEE802.15.4PHY 
• Adds support for more low power sensors 
• 10 sensors channels suitable for a wide range of sensors, including 
accelerometers and temperature measurement. 
The SensorTag has a high performance ARM Cortex M3 (CC2650) with cloud 
connectivity which means the SensorTag can be accessed and controlled from 
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almost anywhere. Importantly the SensorTag offers seamless integration with 
mobile phone apps. 
7.2.2.2 CC2540 USB Evaluation Module Kit 
The CC2540 USB Evaluation Module Kit supplied with the SensorTag is shown 
inFigure 7-3. The kitcontains one CC2540 BLE USB dongle which can be used 
to enable BLE on computer PC. It can also be used for analysing BLE protocol 
and for software and system level debugging (Texas Instruments provide a free 
internet tool SmartRF Packet Sniffer to assist with this). [127].  
The CC2540 contains a number of features that make it suitable for systems 
that require very low power consumption. These include short transition times 
between operating modes and very low-power sleep modes[165] 
 
 
Figure 7-3Texas Instruments CC2540 USB Module 
Relevant features of the CC2540 USB Module are listed below: 
➢ Bluetooth V4.0 compliant protocol stack for Single-Mode BLE Solution 
• Complete Power-Optimized Stack, Including Controller and Host 
• Sample Application and Profiles  
• L2CAP 
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• Generic Application for GAP  
➢ Development Tools  
• SmartRF Software 
• Supported by IAR Embedded Workbench 
• CC2540 Mini Development Kit 
7.3 Thermal Image 
An advanced thermal camera ThermaCAM S65 from FLIR systems was used to 
determine where on the gearbox it was best to place the TEG module to 
maximise electricity generation and to determine the temperature of the body of 
the gearbox. The thermal camera`s sensitivity can reach ±0.08°C at 30C˚ and 
can be used to measure temperature in the range 0°C to 500°C. The thermal 
camera produces an image with 320x240 pixels, thus an acceptably accurate 
thermal distribution can be obtained. The camera is shown inFigure 7-4 and its 
specifications are shown in Table 7-5. 
Table 7-2 Thermal CAM S65 technical Specification 
Field of view/min focus 
distance 
24° x 18° / 0.3 m 
Spatial resolution (IFOV) 1.3 mrad 
Electronic zoom function 2, 4, 8, interpolating 
Focus  Automatic or manual 
Digital image enhancement Normal and enhanced 
Detector type Focal plane array (FPA) uncooled 
microbolometer; 320 x 240 pixels 
Spectral range 7.5 to 13 µm 
Thermal sensitivity @ 
50/60Hz 
0.08° C at 30° C 
Built-in digital video Built-in digital video 
Temperature ranges 
measurement  
-40° C to +120° C, Range 1 
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Figure 7-4 Thermal CAM S65 
7.3.1 Thermal Camera Test Result 
Figure 7-5 and Figure 7-6 show the temperature distribution of the surface of 
the gearbox at 10 min and 60 min after start-up.In the thermal image, the 
temperatures are represented by various kinds of colours whose corresponding 
temperature can be found in the colour bar shown at the right side. It can be 
seen that the best place to put the TEG module is vertical position of the 
gearbox surface. 
 
Figure 7-5 The thermal images of the gearbox after (10min) 
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Figure 7-6 The thermal images of the gearbox after (60min) 
7.4 The TEG System Evaluation 
As mentioned in the preceding sections, theEH efficiency of the TEG is the 
most important factor in determining the efficiency of the entire system. 
Therefore, the procedure for the first evaluation is to confirm how much of the 
thermal energy might be harvested from an industrial machine such as a 
gearbox using the TEG module.Figure 7-7 shows the experimental setupused 
to evaluatethe proposed ofTEG system.  
Chapter Seven                                           Optimisation TH System 
132 
Badradin Elforjani  PhD 2017 
 
 
Figure 7-7 Experimental setup for thermal energy harvesting system 
7.4.1 Test Procedure  
To simulate a constant load and variable speed operating conditions common to 
industrial machines, the tests were carried out for different AC motor speeds for 
a fixed load applied (fixed load variable speed operation).  
The test conditions were: the AC motor was run at the given operating speed 
(70% and 100% full speed) for one hour for test each cycle. The load was fixed 
during the cycle.  Figure 7-8, is a photo of the tooth breakage fault seeded into 
the gearbox, 40% of one of the teeth was removed.  
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Figure 7-8 Tooth breakage fault 
The data was collected for every run and each test was repeated at least six 
times, to ensure that repeatable results were being collected and random errors 
would be substantially reduced on averaging. 
The TEG system was held close to the body of gearbox by holding it vertically 
with clamp which the best place as shown in the thermal images.The heat from 
the body of the gearbox is collected by the TEG module and converted to 
electricity to power the SensorTag. Meanwhile the working condition of the TEG 
module is monitored by an external data acquisition system to evaluate its 
performance. 
7.4.2 Results and Discussion 
The TEG module measured; hot side temperature, Th, cold side temperature, 
Tc, temperature difference between hot and cold sides, Th - Tc, open circuit 
voltage and current through a 1 Ω resistor, and are presented in Figure 7-9. It is 
observed that both Th and TC have larger values for the higher speed case than 
for the lower.This was expected since more heat is generated when the 
gearbox is driven at a higher speed. 
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It is the temperature difference, 𝛥𝑇 (Th - Tc,), that generates the electrical power 
and it was noted that the difference in 𝛥𝑇  obtained with lower and higher 
speeds was negligible initially, but once the duration of the test exceeded about 
quarter of an hour, the difference in 𝛥𝑇 settled down to between 0.5 0C and 1 0C 
with the faster speed producing the greatest difference, which would be 
expected given the greater heat generated at the higher speed. 
Somewhat surprisingly 𝛥𝑇 for both the high and low speed cases appeared to 
decrease for the first 15 minutes of operation, reaching minimum values around 
1000 s. As expected Th, Tc, and 𝛥𝑇 all reached their maximum values at the 
end of the test run. 
 
Figure 7-9 TEG module performance for high and low speed gearbox tests 
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The trace of the open circuit voltage followed the plots for 𝛥𝑇 closely (which is 
good). The measured values of the open circuit voltage generated by the TEG 
module ranged from 95 mV to 125 mV, which meets the input voltage 
requirement of the DC/DC booster circuit. By measuring the voltage across the 
1 Ω resistor, the power consumption of the resistor was calculated as V2/R (?) 
and is shown in Figure 7-9(e) which indicates the power output of the TEG 
module that can be harvested. Note that after about 1000 seconds, even at the 
lower speed the power available is about 1.5 mW, though at 2400 s and nearer 
to the steady state operating conditions the power output is 2.2 mW. Again 
there is a surprise, it appears that - at least initially - the lower speed produces 
more electrical power than the higher speed. However, after about 12 or so 
minutes it is observed that the power output for the higher speed is greater than 
that for the lower speed. 
By using the open circuit voltage and current through the 1 Ω resistor, the 
equivalent resistance for the TEG module can be computed and is shown in 
Figure 7-10(f). It appears that the internal resistance of the TEG is significantly 
different from the 1 Ω resistor, 1.5 and 1.4 Ω respectively for the faster and 
slower speed. There is a difference of about 0.1Ω observed between the 
internal resistances for two speed conditions.  
Apart from temperature difference on its two sides, the power output capability 
of the TEG is also affected by the Seebeck coefficient, which is influenced by 
the temperature. Due to this phenomenon of the material, the internal 
resistance of the TEG module also changes with the temperature. 
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7.5 Development Features of the TEG Design Test Rig 
7.5.1 The Initial Design Evaluation 
Initially the clamp used to attach the TEG to the gearbox was a general 
laboratory clamp as shown in Figure7-10, that was considered to be not very 
professional because the TEG module was not fitted properly into the gearbox 
and adversely effected to the output resultsand thus a new design of clamp was 
developed and used.  
 
Figure 7-10 Picture of the TEG module held general laboratory clamp 
7.5.1 The Developed Clamp 
Figure 7-11illustrates the clamp designed, developed and manufactured in the 
engineering workshops in the University of Huddersfield.  The new clamp 
ensured a better fit of the TEGmodule into the gearbox then the general 
laboratory clamp.The 3D solid model is shown in Figure 7-11(b).Figure 7-12 is a 
second photo and schematic of the TEG attached to the gearbox. The TEG 
module was attached to the body of the gearbox by clamping it in a vertical 
position. 
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Figure 7-11 a) Module with developed clamp, b) illustrated of solid model of the 
developed clamp 
 
Figure 7-12Photo of TEG module attached to gearbox using bespoke clamp 
and schematic of the clamp 
Figure 7-13shows results obtained with both clamps. It can be seen the 
developed clam gave better results. Therefore, the developed clamp produce 
higher difference temperature hence produces high voltage. 
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Figure 7-13 Results using different clamps 
There were two ways to get the data from the SensorTag, first, by using an app 
on a smartphone, second using the CC2540 USB Evaluation Module Kit.By 
connecting the sensor tag from the application running on a smartphone, the 
sensor information on the sensor tag can be easily acquired via BLE, as shown 
in Figure 7-14. 
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Figure 7-14 The TEG powered wireless temperature measurement 
Figure 7-15 shows the experimental test system to which the TEG module was 
attached and USB module receiving the data. By connecting the sensor to the 
CC2540 USB Evaluation Module Kit via BLE data was transferred to a 
computer. 
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Figure 7-15 Test system 
7.6 Results and Discussion 
In the experimentsthe performance of the TE generator system was explored 
and evaluated based on comparing a healthy gearbox and gearbox under 
abnormal operation. In the first test, the AC motor was run at 80% load and full 
speed. 
The experimental resultsare shown in Figure 7-16. It can be seen that the 
maximum harvested energy is as much as 10 mW when the temperature 
difference is around 17.5 which is maintained between the hot side and cold 
side with temperature difference of the gearbox under abnormal operation than 
healthy gearbox. Clearly the faulty condition generates more heat than the 
healthy condition, and this means more electrical power is generated and the 
power harvested by the TEG module for abnormal operation is higher than that 
for the healthy condition. 
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Figure 7-16 TEG module performance for high and low speed gearbox test 
By running the gearbox at 70% speed for about one hour, the super capacitor 
can be fully charged to about 5.2V.  
The integrated temperature sensor measures both the object and ambient 
temperature. As shown in Figure 7-17, the ambient temperature was about 30.9 
°C while the object gearbox temperature is around 45.1°C. By programming the 
sensor node to operate periodically, it can achieve automated temperature 
monitoring without requiring an external power source such as a battery for the 
sensor node. 
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Figure 7-17 Screen shot of measurement on a mobile phone 
Figure 7-18shows the experimental test system towhich the TEG module was 
attached the gearbox and by USB Module receiving the data. 
 
Figure 7-18Temperature of gearbox by sensor tag 
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7.7 Comparison of the Results from Three Different Research 
Elements 
This section presents a comparison of the results from the theory developed to 
underpin theFinite Element Analysis simulation and the experimental 
investigation. 
Experimental data was compared with the simulation results for open circuit 
voltage, see Figure 5-19. The following equation for voltage generation in a 
TEG module,was used to predict the open circuit voltage:  
TNV abG =    (7-1) 
𝑉𝐺      Open circuit voltage, 
𝑁       Number of thermocouples 
𝛼𝑎𝑏  Seebeck coefficient, 
𝛽       Coefficient, 
∆𝑇  Temperature difference between TEG’s hot 𝑇ℎ and cold sides 𝑇𝐶. 
Regarding the Figure 7-20, the correlation between the two sets of results is 
good with an accuracy for the predicted results of about 85 %. Therefore, the 
results have shown a good agreement to that of the open circuit voltage value 
of 160 mV that have been calculated using the previous equation. 
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Figure 7-19Comparison of open circuit voltage obtained by experiment and 
simulation 
7.8 Summary 
In this chapter, the author has successfully applied a highly efficiency thermal 
EH system to power a WSN using the design and structure developed in 
previous chapters. The TEG system has been sized optimally based on the 
theoretical model. The results show that the TEG system was able to harvest up 
to 10 mW of electrical energy from the industrial gearbox running under steady 
state conditions, and that the temperature of the gearbox was successfully 
measured by the sensor node and transmitted to a smart phone without 
needing the provision of external power to the sensor node. These results have 
shown a good agreement to that of the theoretical calculations. The simulation 
results are in good agreement the experimental results, the value of the model’s 
predictions are consistently about 85% of the experimental values.
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Chapter 8. Monitoring of Gearbox Using a 
Wireless Temperature Node Powered Thermal 
Energy Harvesting Module 
 
Condition monitoring (CM) of gearbox is a crucial activity due to its importance 
in power transmission for many industrial applications.Monitoring temperature is 
an effective mean to collect useful information about the healthy conditions of 
the gearbox. 
This chapter investigates the use of a wireless temperature node to detect the 
presence of a fault in a gearbox transmission system under different conditions. 
The wireless temperature node was integrated a novel feature, it is supplied 
with power by a thermoelectric generator module mounted on the gearbox 
house to be monitored so that the measurement system avoids the shortage of 
using a wired power sources or the requirement for recharging or changing 
batteries. The temperatures from lubricating oils and housing are modelled to 
implement model based detection. 
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8.1 Test Facility and Method 
The gearbox test rig, shown in Figure 8-1, was used in this experimental study 
and has been described in Section 7.2.1. The construction allows the study of 
different faults seeded into the gearbox transmission system under different 
conditions. The TEG module was mounted directly into the surface of gearbox 
to power up the wireless temperature node, which it was mounted directly on 
the gearbox while another wireless temperature sensor measured oil of the 
gearbox as shown in Figure 8-1. The temperatures of the oil and surface of the 
gearbox were measured simultaneously. 
 
 
 
 
 
 
 
8.2 Test Procedure 
The test rig was operated at fixed speed with a 100% full AC speed of the motor, 
at four load settings increments: 100%, 70%, 30% and 0%. The aim is to 
investigate the detection process under variable load operation and constant 
speed, which are commonlyused in real life applications. 
AC Motor 
15kW 
DC Motor 
Two Bearing 
Housing 
 
 
Flexible 
coupling 
Wireless temperature 
Sensor Tag 
The TEG module 
Figure 8-1 Test rig schematic showing sensor placements 
 
Oil temperature sensor 
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Figure 8-2 Test cycle 
Each of the load setting have been operated on for five minutes period and was 
changed automatically by the PLC controller to the next step. Overall, for all four 
loads the cycle lasted 20 minute and was repeated once as shown in Figure 8-2. 
Three different faults have been studied, i.e. tooth breakage, oil level reduction 
(600ml less than the specification of 2600 ml) and 0.13 mm shaft misalignment 
between the gearbox and the driving motor. These represent some faults in 
mechanical transmission systems that commonly occur the most[166]. Tests that 
have been performed are to investigate the temperature basedperformance fault 
detection system and its capabilities to diagnose temperature analysis. 
8.3 Wireless Measurement 
An integrated WSN, Texas Instruments Sensor Tag CC2650STK, shown in 
Figure 7.2 and described in Section 7.2.2.1, has been used to measure the 
temperature of the surface of the gearbox, the measured temperature data is 
send to the USB module (see Figure7-3, and Section 7.2.2.2).  
8.4 Result and Discussion 
The experimental works have been performed to detect different gearbox faults, 
tooth breakage, oil level and shaft misalignment. The gearbox was tested under 
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three different defective conditions, in which the temperatures of the oil and 
surface of gearbox have been measured simultaneously. 
8.5 Baseline 
Figure 8-3 shows the oil temperatures of the gearbox measured by 
thermocouple and the housing temperature of the gearbox measured using the 
sensor tag, the surface temperature called housing temperature. From this 
Figure, it can be seen that the oil temperatures of the three cases under 
abnormal working conditions vary from about 41 ◦C to 46 ◦C. However, the 
housing temperature of the gearbox fluctuates between about 33 ◦C and 36 ◦C. 
 
Figure 8-3Surface temperature and oil temperature of the gearbox with different 
conditions measured by WSN 
The temperature difference between oil and surface is largely due to the fan 
cooler of the AC-motor. Tooth breakage generates the highest lubricating oil 
temperature. However, the condition of tooth breakage and shaft misalignment 
(0.13) generates the highest housing temperature. Tooth breakage and 
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reduction of oil level (600 ml) gives the lowest temperature of both oil and 
housing. 
Figure 8-4 shows the relationship of the housing temperature and oil 
temperature of gearbox for all four loads. It can be observed that the 
temperatures of the gearbox with tooth breakage and tooth breakage and shaft 
misalignment at different loads are higher than for tooth breakage and reduction 
in oil level. However, the oil and housing temperatures are lowest for tooth 
breakage and reduced oil level.  
 
Figure 8-4Results of surface temperature and oil temperature for all four loads 
 
In this study, a model has been developed based on polynomial fitting of training 
and predicting temperatures. In which, baseline condition with tooth breakage 
fault was developed to define the limitation of acceptable gearbox working 
Chapter Eight                                           Monitoring Temperature  
150 
Badradin Elforjani  PhD 2017 
 
condition. The developed model is based mainly on data-driven modelling, which 
has been used to build models for complementing the interaction dynamics of 
gearbox transmission temperature. A model algorithm is used to determine the 
relationship between the gearbox oil and housing temperatures based on a 
training data set that represents the gear system thermal behaviour. The model 
would be useful in solving a practical problem with complex periodic signals such 
as the gearbox faults. 
 
Figure 8-5Data drive model based on gearbox temperature 
This model can be used to monitor the occurrence of an abnormality condition of 
the gearbox. Figure 8-6 illustrates the transmission paths of the generated heat 
to the gearbox housing during the gear meshing process, the oil and bearing are 
the main transmission paths of the generated heat to the gearbox housing. The 
main sources of heat generation are the friction induced between the teeth 
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contact surfaces during the gear meshing and the friction due to oil viscosity. 
Greater transmission load increases the contact friction between the meshing 
gears, hence the oil temperature increased based on the applied load 
conditions. Thereby, three different conditions have been simulated under 
different operating conditions, to confirm the developed model. These faults are 
mainly related to the transmission paths of heat mesh generation. 
Meshing Gears
Friction
contact tooth surfaces
Oil Path
(Convection)
Gears-Shaft-Bearing
(Conduction)
Transmission 
Path
Oil Temperature
Housing Temperature
Friction 
Oil Viscosity
Heat Generation
Gearbox 
Housing
 
Figure 8-6Transmission path of gear mesh temperature 
8.5.1 Oil Level Reduction 
Figure 8-8 depicts the relationships between the oil temperature and the housing 
temperature of the gearbox when the oil level was decreased by 600ml. The oil 
temperature and gearbox housing temperature are generally increased with 
increasing load. 
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Figure 8-7Results of surface temperature at reduced oil level 
The lower plot in Figure 8-8, the detection model signal, is changed significantly 
with reduction in oil level condition. This confirms that achanges has occurred in 
the transmission paths of gear mesh temperature which, in this case, can be 
mainly related to the oil transmission path. The detection signal is changed 
based on the lower oil level and the detect error model is outside of baseline 
range. 
8.5.2 Shaft Misalignment 
Figure 8-9 illustrates the same relation of the gearbox temperatures under the 
effect of shaft misalignment at all four loads. In which, the conduction path of the 
gear temperature via the bearing is influenced and more heat is generated that 
increase the oil and the housing temperatures. The detection model signal is 
changed due to the shaft misalignment condition and most of the detect signal is 
out of the acceptable limited region. 
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Figure 8-8Results of surface temperature at shaft misalignment 
8.6 Conclusion 
Modelling the temperatures measured internally (oil) and externally (surface) is 
effective for the detection of abnormal gearbox operations. The model allows an 
accurate description between the internal heat generation due to gear friction 
and oil viscous drag, the heat convection through the oil and the conduction by 
the shaft-bearing. Therefore, any changes occurring in these aspects can be 
detected by a model-based approach. Especially, common deteriorations in 
gear meshing conditions such as tooth breakage, lubricating problems, and 
installation complications of the gearbox, which alter either the friction losses or 
heat conduction paths, have been demonstrated to be detectable using the 
approach proposed. Moreover, the fabricated wireless temperature node is 
reliable, and accurate to obtain the temperatures without using any cables or 
external power supply. These unique features together with the outstanding 
performance of fault detection make it particularly suitable for online and 
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automated condition monitoring without any maintenances to the monitoring 
system. 
. 
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Chapter 9. Conclusions and Future Work 
suggestions 
 
This chapter gives a summary on the achievements of the research work that 
have been described in this thesis relating to theset aim and objectives defined 
in Chapter 1, Section 1.5. It also contains conclusions based on the results 
obtained from the research undertaken. A summary of the author`s 
contributions to knowledge are included. Finally, recommendations for future 
work are given that could advance the explorations presented in this thesis. 
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9.1 Introduction 
This research project investigated thermal energy harvesting in order to power a 
WSN for measuring and transmitting measured temperatures for the condition 
monitoring of a gearbox with and without seeded faults. As a result of this 
research it is expected to reduce the cost of maintenance for industrial 
machinery. The research project has involved the successful development, 
construction and implementation of a new test rig. This was designed, 
developed and built in the engineering laboratories at the University of 
Huddersfield. 
Temperature was selected as the measurement parameter because it has long 
been confirmed to be highly sensitive and effective for detection of several kinds 
of industrial machinery faults. Temperature is an important indicator of the 
health of many machine components such as the gearbox. The gearbox is 
ansignificantelement in rotating machines, and has been generally used in 
industry. It also accounts for a high percentage of machines faults. Hence, a 
gearbox was used in this research. 
9.2 Conclusions 
The research has demonstrated that it is viable to harvest the thermal energy of 
a machine to power a wireless temperature sensor node used to monitor the 
health and performance of the machine. The research addressed key issues to 
achieve high power regeneration by the harvesting system to power the nodes, 
and leads to the following conclusions: 
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1- A TEG has been successfully employed to harvest energy to power the 
WSN for condition monitoring of a gearbox. The TEG can convert widely 
available waste heat from machines to usable electrical energy but its 
conversion efficiency is not high. 
2- The temperature difference between the hot and cold sides of the Peltier 
module affects the power output of the TEG. In maintaining a high 
difference in temperature, a good heat sink is used to increase the heat 
dissipation from the cold side to the ambient air, and thermal insulation 
material is added around the Peltier module to maintain maximum 
difference between the hot and cold sides of the module. 
3- Bluetooth Low Energy is employed as the wireless transmission protocol 
due to its low power consumption and it’s wide availability on current 
portable smart phones and tablets. 
4- A new generation low power consumption Texas Instruments SensorTag 
CC2650STK, was selected as the sensor node because it integrates one 
processor for data acquisition and signal processing, and another 
processor specifically for BLE communication. 
5- The backup capacitor was added for storing the energy harvested from 
the TEG. It accumulates energy for a relative long time and then provides 
power to the sensor node for short periods, during which the signal is 
collected and transmitted to a central device. 
6- By using the designed TEG module together with the highly integrated 
sensor tag, the temperature of the gearbox was successfully measured 
by the sensor tag and received on a smart phone without the need to 
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provide external power to the sensor tag. This proves the feasibility of 
this kind of battery-less condition monitoring scheme. 
7- The model provides an accurate description between the internal heat 
generations: gear friction and oil viscous drags, and heat transmission 
through the oil and the convection and by conduction along the shaft 
bearing. The results show that this monitoring approach allows comment 
fault cases: tooth breakage, oil shortage, and shaft misalignment to be 
separated under different loads, which demonstrates the outstanding 
performance of the system for online and automated condition 
monitoring. 
9.3 Review of Research Objective and Achievements 
The key achievements of this work are summarised alongside the specified 
objectives below: 
Objective one: Investigate common condition monitoring strategies and 
techniques, and select one to use to monitor the heath of a gearbox. To obtain 
a detailed understanding of energy harvesting and thermoelectricity generator 
design and function. 
Achievement one:A number of the popular techniques for machinery condition 
monitoring were reviewed and it was found that temperature monitoring has 
been widely employed in the industry because of its high sensitivity to the 
occurrence of machines faults at an early stage and cheap measurement 
instrumentation. In Chapter 2, energy harvesting and thermoelectric generation 
are reviewed. It has been found that the TEG has the unique advantage of 
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harvesting thermal energy to produce electrical power from CM applications. 
Especially, heat losses which produce temperature differences happen all 
rotation machines. The electrical power produced is related to the temperature 
difference across the TEG, and hence TEGs have been widely used in different 
industrial applications and continuously improved by many researchers. 
Objective two: To investigation the WSN network applications to the condition 
monitoring fields, including various protocols and challenges. Develop a 
detailed understanding of the Bluetooth Low Energy which will act as the 
wireless transmission protocol. 
Achievement two: Chapter Three introduces the WSN as applied to condition 
monitoring. Different wireless communication protocols have been developed 
according to the application requirements. In addition, the motivation for using 
BLE are presented, and application described. For condition monitoring, the 
BLE was found to be more suitable for essential merits such as low power 
consumption and low cost. 
Objective three: Provide background information regarding the development of 
the TEG model.  A fundamental theoretical understanding of the generated 
voltage of the TEG model will be developed. Build and run 3D Finite Element 
computer model of the thermal design, and validate the model against 
experimental data. 
Achievement three: The development of a mathematical model for the electric, 
voltage and poweer generated by the TEG has been completed. In Chapter 5, 
the SolidWorks Finite Element Analysis software package was used to create 
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the FE model and then simulation studies provide more accurate specification 
for designing a TEG system based on different heat source i.e. machines to be 
monitored. 
Objective four: Develop and design a rig suitable to test the TEG and, WSN 
developed. Evaluate the performance of the TEG for TEH for three different 
specifications of heat sinks, in which, an industrial gearbox will be used as both 
a heat source for the TEG system and the monitored machines for WSN. 
Achievement four:A TEG module was designed and fabricated with three heat 
sinks. In Chapter 6, the heat transfer performances of three different 
specifications of heat sinks were tested on the TEG. The largest heat sink was 
found to provide the greatest heat dissipation from the cold side to the ambient 
air. Tests were conducted by running the driving the AC motor of gearbox rig at 
full load for one hour at both a lower speed (70% maximum speed) and at a 
higher speed (100% maximum speed). 
Objective five: Evaluate the performance of the TEG for energy harvesting to 
power the WSN for different test conditions. In addition, Investigate the use of a 
wireless temperature node to monitor and diagnose different faults on a 
gearbox transmission system under different conditions. 
Achievement five: A comparison test has been completed to verity the 
performance of the TEG and the temperature WSN node on the gearbox 
operating at two speeds and with seeded faults. In Chapter 8, two temperature 
outputs from lubricating oils and housing were modelled to implement a model 
based detection. The model based detection scheme allows two common 
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gearbox faults, misalignments and oil shortages to be identified online under 
different operating conditions.  
9.4 Contributions to Knowledge 
The research work presented in this study is the development of a new energy 
harvester of waste heat for electrical energy generation and thereby to power a 
WSN based CM system. The novel parts of the research can be summarised as 
following: 
First contribution: Design and optimise the THE system to power up wireless 
temperature sensor node for monitoring the status of gearboxes. The 
improvement actions for the TEG system are designing and the power 
consumption efficiency. Furthermore, it was found that the Bluetooth low energy 
based wireless measurement system can be employed as the wireless 
transmission protocol to transfer temperature signals for gearbox condition 
monitoring. Especially, the evaluation results show that the TEG systems can 
efficiently harvest thermal energy from industrial machines such as a gearbox 
Second contribution: By using the thermal harvester TEG module to power 
the highly integrated sensor tag, the temperature of the gearbox was 
successfully monitoring and shown on a smart phone without providing external 
power or battery to the sensor tag.  
Third contribution: The theoretical model of the energy harvesting system, 
based on a general systematic architecture, has been proposed in this thesis to 
predict the performances of the TEH system. Such a theoretical analysis is very 
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important for the design and implementation of an energy harvesting system in 
the real world. The theory model developed has shown to have predictive value 
with regard to the experimental results. The temperature difference between the 
hot and cold sides of thermoelectric device, has a substantial impact on 
generating the energy of the Thermal harvesting design. In addition, the 
parameters obtained were applied to the FE module of the system and 
validated against experimental results. 
Fourth contribution: The wireless temperature node has been applied to 
monitor and diagnose different faults on a gearbox transmission system under 
different conditions. The temperature model based approach is novel which,  
Uses the dependence of external temperature on the internal one and the heat 
transfer paths allows any changes relating to gear operations to be identified 
over wide operating conditions. This outstanding performance of fault detection 
together with the novel self-power temperature sensor nodes makes make it 
particularly suitable for online  cost-effective and automated condition 
monitoring. 
9.5 Recommendation for Future Work 
Future work for theenhancement of the working life of a WSN based on energy 
harvesting systems should focus on the following: 
Recommendation 1:In this thesis, with regards to the proposed energy 
harvesting model and the procedure of the design, only thermal energy 
harvesting has been considered. In future work, other environmental energy 
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sources that are quite commonincluding energy fromvibration and solar needs 
to be considered.  
Recommendation 2: The designed energy harvesting system design only 
predicts the system performance of thermal sources. Therefore, the model 
needs to be extended in accepting other forms of energy harvesting 
technologies, includingEF energy harvesting, vibration energy harvesting, and 
so on. 
Recommendation 3: Fabricate the wireless sensor node into compact design, 
and construct suitable package in order to apply them to an industrial 
environment that is less conducive. 
Recommendation 4:Different rotating machine such asbearings should 
betested to evaluate and optimise the power that can be generated.
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APPENDIX – A.1:Sold model 
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APPENDIX – A.2: Clamp 
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APPENDIX – B.1: Clamp support part design - 1 
 
 
 
 
 
APPENDIX – B.2: Clamp support part design - 2 
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APPENDIX – B.3: Clamp support part design - 3 
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APPENDIX – C.1: Clamp support part design - 4 
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APPENDIX – C.2: Clamp support part design - 5 
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APPENDIX – D: Clamp support part design - 6 
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APPENDIX – E: Risk Assessment – University of Huddersfield 
 
Risk assessment (DATA HS \ Forms \ H&S \ New risk assessment      
190906) - University of Huddersfield 
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